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To elucidate the time-dependent swelling behavior of landfill sand-bentonite
mixture liners under the effect of organic pollutants, an no loading swelling
ratio test was conducted on mixtures with varying sand and diesel content.
The evolution characteristics of the swelling time curve morphology were
investigated. The micro-mechanisms underlying the swelling time effect
evolution were explored. The results indicated that the sand-diesel interaction
significantly altered the swelling time curve morphological characteristics
of the mixture. As the sand content increased, the swelling coefficient at
the stable state decreased. However, during the rapid swell phase, diesel-
contaminated mixed soil does not exhibit the increase-then-decrease pattern
in swell coefficient seen in unpolluted mixed soil. The duration of both
the slow swelling phase and the time to reach a stable state were longer.
Mechanistic analysis revealed that cation exchange capacity is insufficient to
effectively analyze the evolution characteristics of the swelling time curve.
Instead, the initial swelling potential of bentonite is the true indicator of
the mixture's swelling properties. The particle size distribution influences
the changes in the swelling coefficient during the rapid swelling phase,
but diesel alters the particle size distribution, mitigating its impact. The
oil sealing effect within intra-aggregate and inter-aggregate pores not only
weakened the swelling characteristics of the mixture at all stages but
also increased the permeability resistance, thereby reducing the duration
of the rapid swelling phase and extending the slow swelling and stable
swelling phases.
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sand bentonite barrier material, expansion temporal effect, initial expansion potential,
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Introduction

Pollution isolation is a technique for controlling the spread
of contaminants from landfill sites through groundwater and soil
into the surrounding environment (Sun M. et al., 2020; Shaqour,
2024). This technique has been widely applied in the treatment and
remediation of site contaminants. The pollution isolation technology
primarily consists of the vertical barrier wall and compacted liner
(Lemos et al., 2023; Shaqour, 2024). The compacted liner, located
at the landfill base, plays a crucial role in the effectiveness of
pollution isolation due to its blocking performance and stability
(Beck-Broichsitter et al,, 2018; Park, 2021). Currently, numerous
types of materials with excellent performance characteristics are
used for compacted liners, such as bentonite series (Hedayati-
Azar and Sadeghi, 2022; Zhan et al., 2023), cement concrete series
(Zhang et al., 2023), and steel sheet pile series. Among them, the
bentonite series is the most widely used due to its strong water
absorption and expansion properties. These properties can enhance
the liner density to achieve the low permeability requirements
for pollution isolation (k < 107° m/s). Additionally, it is easy to
construct and cost-effective. Sand-bentonite mixed soil is the most
frequently used liner filling material (Mahallei and Badv, 2021).
However, the expansion properties of sand-bentonite mixed soil are
highly susceptible to environmental changes and can lead to uneven
settlement of the liner, threatening the pollution isolation capability
of the compacted liner (Tangetal, 2019; Xiang and Ye, 2020).
Therefore, understanding the swelling characteristics of bentonite
series liner filling materials is of practical significance.

Previous research has primarily focused on the effects of heavy
metals and other inorganic substances on the swelling characteristics
of sand-bentonite mixtures. Scholars generally believe that the
infiltration of heavy metals can significantly weaken the swelling
properties of sand-bentonite mixtures. They have provided detailed
results, such as systematic investigations into the mechanisms
underlying swelling evolution characteristics (Ouhadi et al., 2011;
Murtaza et al, 2020). However, studies on the effect of organic
pollutants on swelling characteristics of soil-bentonite (sand-
bentonite) mixtures are scarce. Fu X L (Fu et al., 2023) found that
the swelling index of sand-bentonite decreases with increasing
acetic acid content, and attributed this to the contraction of diffuse
double layer on the surface of montmorillonite caused by acetic
acid. Through experiments, Rahman and Sharma (2023) revealed
that the swelling index of the sand-bentonite mixture decreases
with increasing sand content and methanol/ethanol content. The
reduction in the dielectric constant of pore fluid leads to the
contraction of the diffuse double layer on the montmorillonite
surface, which ultimately weakens the swelling performance of
the sand-bentonite mixture. Ishimori et al. (2020) observed that
significant changes in swelling characteristics only occurred when
the concentrations of 1,4-dioxane and bisphenol A exceeded
10,000 mg/L. These findings indicate that current studies have
systematically revealed the mechanisms underlying the swelling
evolutions of soil-bentonite mixtures under the influence of organic
pollutants and have conducted in-depth studies on the swelling
mechanisms. Unfortunately, these studies only focused on the
swelling characteristics of mixtures in a stable state, completely
neglecting the entire water absorption and swelling process. The
water absorption and swelling of soil-bentonite is a prolonged
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process highly susceptible to environmental changes, which affects
the barrier performance of liners. Therefore, it is essential to
understand the temporal effect of organic pollutants on the swelling
of soil-bentonite mixtures.

Scholars generally believe that shape changes in the swelling
time curve of sand-bentonite mixed soil are mainly influenced
by the water absorption and swelling characteristics of bentonite
and the interlocking type of soil particles (Estabragh etal., 2020;
Yuan et al., 2023). The water absorption and swelling characteristics
of bentonite are usually related to the contained quantity and
properties of the montmorillonite. The higher the quantity and
the stronger the hydration capacity of montmorillonite, the greater
the swelling characteristics of the mixed soil (Dananaj et al., 2005;
Reddy et al., 2021; Suetal., 2022). The composition of soil and
bentonite significantly affects the particle composition of the mixed
soil (Pandian et al., 1995; Sun et al., 2015). Specifically, the swelling
rate is positively correlated with the compactness of particle
interlocking. The more compact the interlocking, the faster the
swelling rate. However, the final swelling amount is related to
the bentonite content. Under the influence of organic pollutants,
the water absorption and swelling of montmorillonite change
(Rahman and Sharma, 2023), and the arrangement and combination
patterns between bentonite particles and those between bentonite
and sand also vary. Consequently, the density of the mixed soil
differs compared with that of the uncontaminated mixed soil,
and the shape of the swelling time curve also changes (Li and
Denham, 2000; Li et al., 2019). Moreover, the combined effect of
organic pollutants and particle gradation significantly affects the
swelling time of the mixed soil. Therefore, it can be concluded
that previous theories cannot serve as a robust basis for explaining
the swelling time evolution of the organic-polluted sand-bentonite
mixed soil.

Therefore, in this paper, taking the mixed soil of sand and
bentonite as the research object, with sand content and diesel
content as influencing factors, unloaded expansion tests were
conducted to study the expansion history effect of the mixed soil
cushion material under an organic matter pollution environment.
Additionally, tests such as cation exchange capacity (CEC), particle
size distribution (PSD), mercury intrusion porosimetry (MIP),
scanning electron microscopy (SEM), and gas chromatography
were also undertaken to explore the evolution mechanisms of
the swelling time-course curve. The research findings provide
a basis for the design and performance evaluation of liners in
contaminated sites.

Materials and methods
Bentonite and quartz sand

The bentonite used in the experiment was sourced from
Zhengzhou, Henan. It contains 99.6% montmorillonite, with minor
amounts of illite, gypsum, quartz, and albite. The natural moisture
content of this bentonite is 10.3%, and it contains 100% fine particles
(smaller than 325/45 pum). Its liquid limit (LL) is 186.96%, plastic
limit (PL) is 49.78%, and plasticity index (PI) is 137.18%. The specific
gravity (Gs) is 2.58. The quartz sand used was sourced from Suzhou,
Jiangsu. It is off-white and primarily composed of SiO,, with a
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TABLE 1 Design of experimental influencing factors.

Factors Levels

Sand content 0.0%, 10%, 20%, 30%, 40%,50%

Diesel content 0.0 wt.%, 2.0 wt.%, 4.0 wt.%, 6.0 wt.%, 8.0 wt.%

Moisture content 30%

Dry density 1.31 g/em®

particle-specific gravity of 2.65. Before testing, the quartz sand was
subjected to acid washing and neutralization treatment.

Diesel

In the experiment, the test diesel is the No. 0 diesel sold on the
market in mainland China. It is light green, has a relative density of
0.856, and a viscosity of 3.95 mPa s at 20°C.

Experimental scheme

The extremely low permeability (<107° cm/s) of landfill liner
materials is the key to their barrier performance, therefore, the
compactness of the cushion material becomes a key control
indicator. Previous studies have shown that when the sand content
is between 30% and 40%, the compaction of mixed soil barrier
materials is maximized and the permeability coefficient is minimized
(Gokalp etal.,, 2011; Sobti and Singh, 2019). However, due to the
inevitable occurrence of uneven mixing of sand and bentonite during
preparation, local aggregation of sand within the liner material is
very common. Therefore, this study expands the sand content range
from 0% to 50% to enhance the practical value of the research results.
Additionally, the diesel incorporation range in the experiments is set
from 0 to 8.0 wt.%. To highlight the main research focus, a uniform
dry density and moisture content of the remolded soil was maintained.
Detailed information is provided in Table 1.

Experimental methods

Preparation of diesel-contaminated
bentonite-sand mixture soil

The preparation of diesel-contaminated sand-bentonite mixed
soil requires two key steps, namely, the preparation of diesel-
contaminated mixed loose soil and the preparation of reshaped
sand-bentonite mixed soil. Firstly, the preparation of diesel-
contaminated mixed loose soil is carried out using a stratification
method. The specific operational steps are as follows: first, according
to the requirements of the experimental plan, thoroughly mix the
dried bentonite and sand in proportion, as shown in Figures 1A,B;
then weigh a certain amount of soil and place it in a flat-bottomed
iron pan; next, weigh the deionized water and diesel required for the
sample and water is sprayed on the mixed soil before oil is sprayed
on the mixed soil; repeat the above steps until the desired amount

Frontiers in Materials

03

10.3389/fmats.2024.1447496

of test soil is reached (Chun et al., 2022; Chun et al., 2023a). After
curing the contaminated loose soil in a light-free sealed environment
for 7 days, a reshaped soil sample with a certain dry density can
be prepared using the static compaction method, with a loading
rate of 0.2 mm/s (Li and Zhang, 2009). The prepared reshaped soil
sample needs to be further placed in a shaded sealed humidification
tank for continued curing for 30 days. During this period, it is
necessary to regularly flip the soil column samples to prevent the
occurrence of diesel secretion.

No loading swelling ratio test

A No loading swelling ratio test was conducted according to
the standard of the People’s Republic of China - Test methods
for soil engineering “GB/T 50123-2019” (Fan et al., 2020; Ma et al.,
2020), and the experimental device is shown in Figure 1C. The main
experimental steps are as follows: Install the specimen, ensuring
the permeability of the porous stone before installation, and the
tight fit between the specimen and the equipment; Conduct the
unloaded test, zero the displacement meter before installation, inject
distilled water into the tank, and record the displacement meter
readings at time points of 5, 10, 20, 30 min, 1, 3, 6, 12h ... The
experiment is considered complete when the displacement meter
readings have changed by less than 0.01 mm within 24 h; Measure
the height and other parameters of the test sample, and calculate
the no-loaded swell coefficient at different time points according to
Eq. 1 (Song et al., 2021).

Ht - HO
HO

o 1)

Where 6, represents the swell coefficient of the mixed soil at a
certain moment, %. H, represents the swell height of the mixed soil
at a certain moment, mm; H, represents the initial height of the
specimen, which is 20 mm.

Soil particle diesel adsorption capacity and cation
exchange capacity test experiment

The adsorption capacity of diesel in mixed soil with different
sand contents was determined using gas chromatography-
mass spectrometry combined with different method testing
calculations (Omagari et al., 2021).

The cation exchange capacity of mixed soil was tested using
the Forest Soil Cation Exchange Capacity Method “LY/T 1245-
1999” of the People’s Republic of China forestry industry standard
(Henriquez et al., 2005). The experimental procedure involves
treating the mixed soil with a 1 mol/L ammonium acetate solution
at pH 7.0 to saturate it with NH} . Excess ammonium acetate is then
washed away with ethanol, and the soil is washed into a Kjeldahl
flask with water, followed by the addition of solid magnesium oxide
for distillation. The distilled ammonia is absorbed with an acid
solution and titrated with a standard hydrochloric acid solution. The
cation exchange capacity is calculated based on the amount of NH}
exchanged (Nel et al., 2023; Rance et al., 2024).

Soil structure testing experiment

Using a laser particle size analyzer, the particle size distribution
of mixed soils with different diesel and sand content was tested.
The instrument model used was Brookhaven/90Plus, with a
measurement accuracy range of 0.3 nm-10 pm. During particle
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FIGURE 1

Preparation of diesel-contaminated soil mixtures and no-load swell test setups. (A) sand bentonite mixed sample; (B) sample preparation and loading

device; (C) expansion test process.

size distribution testing, ultrasonic treatment was not allowed,
and the testing time for each condition was kept the same
(Fei et al., 2019; Wei et al., 2020).

The MIP Pore Structure Test Method utilizes the AutoPore IV
9500, a fully automatic mercury piezometer manufactured by Mack
Instruments, United States. This test instrument has a maximum
inlet pressure of 414 MPa and can measure pore sizes ranging from
0.003 to 360 um with an accuracy of 1/200,000 of the inlet and outlet
volume of mercury (Sun H. et al., 2020).

The principle of the MIP test is that a non-infiltrating liquid
can only enter a solid pore when pressure is applied and that
the pore size invaded by the introduced liquid is a function of
the pressure used under constant pressure increase. The pores
measured by the MIP test are therefore connected pores within the
specimen (Wang et al., 2020). For cylindrical pores, the relationship
between pore size and pressure can be calculated according to
Washburn’s formula (Washburn, 1921).

2y cos 0

2)

.
Where P is the applied pressure; y is the surface tension of the
introduced liquid, taken as 485.0 mN/m in the test; 0 is the contact
angle between the introduced liquid and the solid material, taken as
140° in the test; r is the radius of the cylindrical pore.

At the same time, scanning electron microscopy was used to
study the microstructure of the remolded soil sample. The testing
equipment was Hitachi Scanning Electron Microscope from Japan,
model S-3400N.

The MIP and SEM test samples need to undergo liquid nitrogen
freezing and vacuum extraction treatment before MIP testing can
be conducted. The specific steps are as follows: first, the sample
to be tested is cut into a rectangular shape with dimensions of
10 mm x 5mm x 5mm, and then the sample is dried using the
freeze-drying method. The operation process of the freeze-drying
method is as follows: the cut sample is placed in a container
filled with liquid nitrogen, allowing the sample to be completely
immersed in liquid nitrogen for rapid cooling to —196°C, with a
freezing time of 1-2 h. The vacuum freeze dryer is pre-cooled for
about 1h in advance, then the frozen sample is quickly placed
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into the drying tray of the vacuum freeze dryer, the quick inflation
valve is removed, the vacuum pump is turned on, and the sample
is continuously vacuum dried at —56°C for 24 h. After drying is
complete, the mercury intrusion sample is quickly placed in a sealed
bag containing silica gel desiccant and labeled with a tag number for
later use (Hashemi et al., 2015).

Data analysis

The impact of sand content and diesel content on the
expansive characteristics of mixed soil was analyzed using SPSS
26. Origin 8.0 was utilized for graph plotting and analysis
(Jin et al., 2016; Ren et al., 2020).

Results

Figure 2 shows the variations in the swell coefficient of the mixed
soil under the influence of diesel and sand over time. As shown, the
presence of diesel and sand does not vary the three-phase expansion
process of the soil, which includes the rapid swell phase, the slow
swell phase, and the stable swell phase. However, it significantly
alters the duration of each phase, as illustrated in Figure 3. For the
uncontaminated bentonite (0-0), the rapid swell phase occurs within
the first 0-54 h, exhibiting a linear variation in the swell coefficient,
with a maximum of 36.24%. The slow swell phase spans 54-114 h,
where the swell coefficient changes non-linearly and finally reaches
a stable value of 38.28%. As the sand content increases in the
uncontaminated mixed soil, both the duration and swell coeflicient
in the rapid and slow swell phases decrease. For instance, with
the sand content (0-30) of 30%, the rapid and slow swell phases
occur within 0-24h and 24-66 h, respectively. The maximum
swell coefficient is 20.04% and the stable value is 27.31%. Despite
this, the swell coeflicient still changes linearly versus time during
the rapid swell phase across different sand contents, as shown in
Figure 3. Moreover, during the rapid swell phase, the swell coefficient
of the uncontaminated mixed soil does not exhibit a monotonic
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The swelling history curve of bentonite-sand mixed
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expansion phase; (C) time required for slow expansion phase.
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decrease with the increasing sand content. The local magnification in
Figure 2 areveals that before the 2-hour, the swell coefficient initially
increases and then decreases. For example, at the 1-hour, as the sand
content increases from 0% to 40%, the swell coefficient first rises
from 3.08% to 4.01% and then decreases to 3.57% at the maximum
sand content (50%). This experimental phenomenon aligns with the
results from Gokalp etal. (2011), although the time interval and
duration differ.

With varying sand content, the swell coefficient of the diesel-
contaminated mixed soil decreases with an increase in sand content.
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However, the time required to reach the stable swell phase and
the slow expansion phase increases, while the duration of the
rapid expansion phase shortens. When the diesel content remains
at 6.0 wt.%, the stable swell coefficient of the diesel-contaminated
mixed soil decreases from 32.67% (6-0) to 6.57% (6-50) with an
increase in the sand content. The time required to reach the stable
expansion phase increases from 162 to 234 h. The duration of the
rapid expansion phase decreases from 24 to 6 h, and the maximum
swell coefficient in this phase reduces from 20.47% to 3.75%.
However, the duration of the slow expansion phase increases from
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Variation amplitude of swell coefficient in different sand content
ranges of mixed soil with diesel content of 0.0 and 6.0 wt.%.

138 to 228 h. Additionally, during the rapid expansion phase, no
increase in swell coefficient was observed with an increase in the
sand content.

Simultaneously, the differences in the reduction of swelling
coefficient for mixed soils with 0.0 and 6.0 wt.% diesel incorporation
under varying sand content analyzed, as shown in Figure 4.
It can be observed that the change in permeability coefficient
differs between the two soil types as the sand content increases.
Generally, the variation in the permeability coefficient of the diesel-
contaminated mixed soil is greater than that of the uncontaminated
mixed soil, with differences of 4.76%, 1.19%, —0.22%, 4.03%,
and 0.93%, respectively. This indicates that diesel increases the
weakening effect of sand on the swelling characteristics of the
mixed soil.

With constant sand content, the variation in the swell-time
curve of the contaminated mixed soil under the influence of diesel
incorporation is consistent with that observed under the influence of
sand content. For instance, when the sand content is 40%, increasing
the diesel incorporation from 0.0 to 8.0 wt.% results in a decrease
in the stabilized swell coefficient of the mixed soil from 24.52%
(0-40) to 4.35% (8-40), while the duration extends from 54 to
246 h. The interval of the rapid expansion phase shortens from
0-24 to 0-9 h, and the maximum swell coeflicient within this phase
decreases from 19.15% to 2.36%. Meanwhile, the slow expansion
phase interval extends from 24-54h to 9-246 h. Additionally,
during the rapid expansion phase, no increase occurs in the swell
coefficient as the sand content increases. Therefore, the influence
mechanism of diesel and sand on the swell-time curve of the
contaminated mixed soil is identical. It is also found that sand and
diesel not only independently affect the expansion characteristics
of the mixed soil, but there is also a coupling effect between
sand and diesel that jointly influences the swell-time effect of the
mixed soil.

Referring to the research of Wang Y. et al. (2021) and Zeng et al.
(2019), the correlation analysis between the stable expansion
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coeflicient of polluted mixed soil and sand content was found
(results shown in Figure 5) reveals that the variation in the swell
coeflicient with increasing sand content can be divided into two
phases. For the uncontaminated mixed soil, these two phases are
distributed within the 0%-40% and 40%-50% intervals. In the
first stage, a strong linear negative correlation occurs between the
sand content and the swell coefficient (R?> = 0.9960). In the second
phase, the decreasing rate in the swell coefficient slows down.
When the diesel content is 2.0 wt.%, the phases of variation in the
swell coefficient of the contaminated mixed soil are also distributed
within the 0%-40% and 40%-50% intervals. However, within the
40%-50% interval, the decreasing rate in the swell coefficient for
the diesel-contaminated mixed soil accelerates. When the diesel
content is 4.0, 6.0, and 8.0 wt.%, the distribution of the variation
phases changes, with the second phase extending to the 30%-50%
interval, and the decreasing rate in the swell coeflicient significantly
accelerates.

Using the logistic mathematical model and the hyperbolic
mathematical model to fit the swell time curve, the fittings are listed

AA
l+(x/x0)P
A, shows a good fit with the swell time curve, but it fails to represent

in Table 2. Although the logistic mathematical model y =

the initial variation characteristics of the mixed soil expansion. The
hyperbolic model performs poorly in fitting the swell time curve,
with a fit degree significantly less than 0.99. Only the function y =
1

swell time variation curve (R*> > 0.99) and can cover the entire

e (1-67%) in the logistic mathematical model fit well with the
expansion process (Chun et al., 2022). The fitting parameters of the
swell time curves of the mixed soil with different diesel and sand
contents are shown in Table 3.

To elucidate the individual and combined effects of sand and
diesel on the swell characteristics of mixed soils, a two-way ANOVA
was employed. The effect was measured using parameters such
as steady-phase swell coefficient, time required to reach steady-
phase swell, duration of the rapid swell phase, and duration of the
slow swell phase, as presented in Table 4. The proportion of each
factor’s influence is calculated using Eq. 3. These findings indicate
that the diesel, sand, and their interaction significantly affect the
unconfined expansion characteristics of mixed soils and the time
required to reach steady-phase swell, with the statistical model
accounting for nearly 100% of the observed variation. Specifically,
the effects of sand content on the steady-state swell coefficient, the
time to reach steady-state swell, the duration of the rapid swell
phase, and the duration of the slow expansion phase were 58.62%,
89.44%, 63.96%, and 47.17%, respectively. The effects of the diesel
content were 37.98%, 10.41%, 16.26%, and 9.35%, respectively,
while the combined effects of sand and diesel were 3.31%, 0.14%,
19.24%, and 43.43%, respectively. Clearly, in this experiment, the
sand content had the greatest influence on the swell characteristics of
mixed soils, followed by the diesel content, and the combined effect
of sand and diesel was the least.

Pir=S/Sr (©)

Where: P;; means the impact weighting of on the swell time
history effect indicator (sand, diesel and sand and diesel coupling),
Sir means the Type III Sum of Squares for a certain influencing
factor, St means the Type III Sum of Squares corresponding to the
Corrected total.
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FIGURE 5
Correlation between swell coefficient and sand content. (A) Diesel content of 0.0 wt.%, 2.0 wt.% and 4.0 wt.% sand in relation to expansion coefficient;
(B) Diesel content of 6.0 wt.% and 8.0 wt.% sand in relation to expansion coefficient.

TABLE 2 Numerical fitting results of swell time history curve.

Category Fitting function Fitting result Evaluation of fitting results
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Notes: J,,,.is the maximum expansion rate, and e is a natural logarithm. x,is the time required for the expansion deformation to reach 8, ,,./2. k, A}, A,, A;, Pis the fitting parameter.
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TABLE 3 Parameter fitting results of logistic mathematical model for swell time history curve.

0-40

Parameter| 0-20 0-30

0.0794 0.0898

0.0557 0.0510

0.9445 0.9085

0.9465 0.9824

TABLE 4 Double factor swell coefficient under the influence of sand and diesel.

Source of Stable swell rate Time to reach stable Length of rapid swell Length of slow swell
variation swell phase phase o] gF-1]
Type llI Impact Type llI Impact Type llI Impact Type llI Impact
sum of weighting sum of weighting sum of weighting sum of weighting
squares squares squares squares
Corrected - - - - - - -
model
Intercept - - - - - - -
Sand content 3812.881 58.62% 762.576 89.44% 677.025 63.96% 8,887.381 47.17%
Diesel content 266.208 37.98% 88.736 10.41% 172.125 16.26% 1760.977 9.35%
Interaction 17.364 3.31% 1.158 0.14% 203.625 19.24% 8,183.277 43.43%
between sand
content and
diesel content
Error 5971 0.09% 0.124 0.01% 5.667 0.54% 9.653 0.05%
Total - - - - - - -
Corrected total - - - - - - -
Discussion mixed soil particles is crucial to understanding the morphological

Effect of particle expansion characteristics
of mixed soil

Previous studies have shown that the water absorption and
swelling characteristics of soil particles determine the soil volume
swell rate and affect the temporal variation of the soil swell
coefficient. Therefore, studying the swelling characteristics of
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characteristics in the swelling time curve under the influence of
sand and diesel. It is known that soil water absorption and swelling
involve two aspects. First, the hydration reaction increases the
water adsorption of soil particles, which directly causes an outward
expansion of the particle surfaces. Second, an increase in the
internal bound water content “inflates” the internal volume of the
soil particles. The combined effect of these two factors leads to
the swelling of soil particles and ultimately results in soil volume
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TABLE 5 Experimental scheme for CEC.

Sand content/%

Diesel blending

amount/wt.%
0 10 20 30 40

0 N oA v 3 v X
2 v
4 v
6 v v v V v
8 v

swell. The hydration capacity of soil particles is an indicator of
soil swelling (Huang et al., 2021). Typically, scholars evaluate the
hydration capacity of soil particles using their cation exchange
capacity (CEC).

This study conducted tests on the CEC of the mixed soil
with various sand and diesel contents. The experimental scheme
is shown in Table 5, and the test results are presented in Figure 6.
Figure 6A shows that the unpolluted bentonite (0-0) has the highest
CEC (98.75 mmol/100 g). As the sand content increases, the CEC
decreases and reaches the minimum of 70.32 mmol/100 g (0-
50) when the sand content is 50%. When the diesel content is
6.0 wt.%, the CEC of the polluted mixed soil also decreases with
the increasing sand content, dropping from 83.37 mmol/100 g (6-
0) to 49.77 mmol/100 g (6-50). Figure 6B shows the variations in
CEC of the polluted mixed soil with different diesel contents when
the sand content is 40%. As the diesel content increases, the CEC
decreases from 74.57 mmol/100 g (0-40) to 45.53 mmol/100 g (8-
40). Both sand and diesel reduce the CEC of mixed soil particles. This
implies that both sand and diesel can weaken the hydration capacity
of the mixed soil particles, leading to a reduction in the swelling of
the mixed soil.

However, with an in-depth study of swell properties of the
mixed soil, researchers have found that swell characteristics are
not only related to the hydration capacity of soil particles,
but also are significantly influenced by the initial state of soil
particles, the internal microstructure of soil particles, and the
pore structure formed by the soil particles (Manca etal., 2016;
Chen etal,, 2023; Zeng et al., 2023). Therefore, studying the CEC
of soil particles alone cannot elucidate the mechanism behind
the changes in the shape of the swell-time curve. Based on this,
considering both the initial state of soil particles and the soil
structure, this paper further investigates the evolution mechanism
of the swell-time curve shape under the influence of sand and diesel
in combination with the characteristics of the swell test results.

Effect of the initial state of mixed soil
particles

The preparation of the uncontaminated mixed soil is not
only a thorough mixing of sand and bentonite but also a
uniform distribution of moisture throughout the soil matrix.
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However, in practice, moisture distribution is highly uneven.
Moisture typically accumulates near bentonite areas, presenting a
strong adsorption capacity. In contrast, only a small amount of
moisture is distributed around quartz particles. Consequently, the
uniformity of moisture distribution in the mixed soil varies with
changes in sand content (or bentonite content) (She etal., 2013;
Gou et al., 2021).

This study aims to define the heterogeneity of water spatial
distribution within the soil by examining the adsorption capacity of
bentonite and quartz sand. The dry density (p), water content (w),
and volume (V) of the swell test ring knife of the remolded samples
remain constant. Thus, the mass () and water content (m,,) of the
mixed soil are the same under each condition, and only the content
of bentonite (m,) and sand (ms) varies. Before remolded sample
preparation, the sand undergoes acid washing and neutralization
treatment. This ensures that it neither reacts chemically with the
bentonite nor alters the properties of water. For ease of calculation,
the adsorption rate of sand (n) is defined as a constant value (n is
the amount of water adsorbed by 1 g of sand). Tests have shown
that the absorption rate of the tested quartz sand is approximately
1%. Therefore, the distribution of water in the mixed soil with
different sand contents can be calculated using Eqs 7-9. Figure 7A
shows the water content in the bentonite region for different sand
contents. As the sand content increases, the water content in the
bentonite region of the uncontaminated mixed soil increases from
30% (0-0) to 59% (0-50). Hence, it can be concluded that, in the
uncontaminated mixed soil, the initial water content in the bentonite
region varies and shows an increasing trend with an increase
in sand content.

mg=ym (4)

my, = (1-y) m (5)

My, = wm (6)

Mg, = nym 7)

My, = (w-ny)m (8)
My, — Mg, (w-ny)m

Wy, = ——" % 100% = ~——— x 100% ©)
my (I-y)ym

where my represents the sand content in the mixed soil in grams (g);
y denotes the sand ratio, which is determined as 0 0.1, 0.2, 0.3, 0.4,
and 0.5; my, is the diesel content in the mixed soil in grams (g); m,,
represents the water mass in the mixed soil in grams (g); w indicates
the water content in the mixed soil, which is determined as 0.3 in this
study; my, represents the water content in the quartz sand within
the mixed soil in grams (g); m,,, represents the water content in the
bentonite within the mixed soil in grams (g); and w, denotes the
water content of the bentonite in the mixed soil at a sand ratio y in
percentage (%).

As indicated by She, D. (Chen et al., 2023), the initial water
content of bentonite significantly influences its degree of hydration.
Higher initial water content results in a greater degree of bentonite
hydration. This phenomenon can be observed at the microscopic
level (see Figure 8). Comparing Figures 8A,B, it is evident that the
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FIGURE 7

Actual diesel content in the bentonite area of mixed soil under the influence of sand and diesel. (A) change characteristics of actual water content in
the bentonite area with increasing sand content; (B) change characteristics of actual diesel content with increasing sand content in the bentonite area;
(C) change characteristics of actual diesel content in the bentonite area with increasing diesel content.

cell size of the bentonite (indicated by the red circles) in mixtures
with 40% sand content is smaller than that in the pure bentonite,
while the interlayer spacing of montmorillonite plates (indicated by
green circles and arrows) is wider. More water induces a stronger
hydration reaction in the montmorillonite, which increases the
number of interlayer water layers and thus increases the interlayer
spacing. It also means that the expansion potential of bentonite is
consumed before the swelling test, which reduces its contribution
to the swelling coefficient during subsequent tests. Therefore,
the reduced swell characteristics of unpolluted mixed soils with
decreasing sand content are not only due to the direct reduction
in swelling substances but also to the diminished initial expansion
potential of the bentonite. Note that the hydration capacity of the
bentonite does not change.

The difference in the adsorption of diesel between sand and
bentonite is also one of the main reasons for the reduced swelling
characteristics of the contaminated mixed soil. For the same
amount of diesel incorporation, the diesel content in the mixed soil
remains similar under different sand contents, but the difference in
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adsorption of diesel between sand and bentonite leads to an uneven
diesel distribution. This paper also analyzes the diesel distribution
in sand and bentonite under different sand contents through
calculations, based on the assumption that water and diesel do not
interfere with each other on the surfaces of sand and bentonite.
Following Eqs 1-6 and combined with experimental analyses, the
diesel adsorption rate of quartz sand (0.32%) can be used to
calculate the diesel distribution in the mixed soil with different sand
contents. A diesel incorporation amount of 6.0 wt.% and mixed soil
with different sand contents was taken as an example for analysis.
The diesel content in the bentonite region is shown in Figure 7B.
Similarly, as the sand content increases, the actual diesel content
in the bentonite region of the contaminated mixed soil continues
to increase from 6.00% (6-0) to 11.68% (6-50). The more diesel is
distributed, the more diesel is adsorbed on the surface of bentonite
particles. In addition, the thicker the oil film, the stronger the ability
to resist pressure water approaching the particle surface. Therefore,
as the sand content increases, the weakened swelling characteristics
of the diesel-contaminated mixed soil are not only due to the
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FIGURE 8

Microscopic morphology montmorillonite. (A) 0% sand content; (B) 40% sand content.

reduction of bentonite content in the mixed soil but also the reduced
initial hydration ability of bentonite particles.

When the sand content is 40%, the diesel contents in the
bentonite region of the contaminated mixed soil are 0.0% (0-
40), 3.12% (2-40), 6.45% (4-40), 9.78% (6-40), and 5.12% (8-
40). Compared with the set incorporation levels, these values are
increased by 0.0%, 1.12%, 2.45%, 3.78%, and 5.12%, respectively,
as shown in Figure 7C. Therefore, it can be concluded that the
bentonite in the contaminated mixed soil adsorbs more diesel under
actual conditions. This adsorption significantly weakens the barrier
effect on the swell properties of the mixed soil, resulting in a greater
reduction in the swell characteristics of the contaminated mixed soil
(Li and Denham, 2000; Vidal and Volzone, 2012; Chun et al., 2022).

Accordingly, the reasons for the reduction in swell properties of
the mixed soil by sand and diesel were further explored. However,
this analysis can only reveal the evolution mechanism of the swell
coeflicient during the stable swell phase on the swell time curve. The
evolution mechanism of the swell coefficient during the rapid swell
phase and the slow swell phase remains unclear.

Effect of pore structure on mixed soil

Changes in sand content and diesel blending not only alter
the initial state of bentonite but also affect the pore structure of
the mixed soil (Li et al., 2019; Wang et al., 2024). The variation in
pore structure has a significant influence on the shape of swell
time curves (Bian et al., 2019). The mixed soil is a porous medium
composed of soil particles of different sizes, and the internal pore
structure can change due to variations in the particle composition.
Changes in the sand content and diesel blending directly lead to
changes in the particle composition, resulting in a variation in the
pore structure (Chun et al., 2023b). In this study, according to the
experimental scheme in Table 6, tests and analyses were conducted
on the particle size distribution and pore structure of the mixed soil
with different sand contents and diesel blending levels, as presented
in Figure 9 and Table 7.

Figure 9A shows the changes in the particle size distribution of
the uncontaminated mixed soil under the influence of sand when
the diesel content is 0.0 wt.%. As the sand content increases, the
particle size range of the mixed soil expands from 0.767 to 310
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TABLE 6 Experimental scheme for particle size distribution and pore
structure.

Diesel blending Sand content/%

amount/wt.%

0O 10| 20 | 30 | 40

0 v v v v
2 v
4 N
6 v v v v
8 N

um (0-0) to 0.146-1,110 um (0-50), and the particle size range
span increases from 309.33 to 1,109.854 um. The increase in sand
content increases the coarse particle content of uncontaminated
mixed soil and the fine particle content. The changes in particle size
distribution can be obtained through the characteristic parameters
of particle size distribution. Table 7 shows that with an increase in
sand content, the effective particle size (d,,) and median particle
size (d;,) decrease from 2.81 um (0-0) to 1.31 um (0-50) and
5.38 um (0-0) to 3.25 um (0-50), respectively, whereas the limiting
particle size (dy,) increases from 11.76 um (0-0) to 17.47 um
(0-50). Combining the characteristic parameters of particle size
distribution, the particle size distribution of the uncontaminated
mixed soil was evaluated. With an increase in sand content, the
coeflicient of uniformity (C,) increases from 4.18 (0-0) to 13.38 (0-
60), while the curvature coefficient (C.) first increases from 0.88
(0-0) to 1.12 (0-40), and then decreases to 0.46 (0-50). In general,
the particle distribution of the uncontaminated mixed soil is the
most uneven when the sand content is 40% (C, = 7.63 > 5, Cc =
1.12 > 1). The particle size distribution of the contaminated mixed
soil gradually evolves from poor to good gradation. When the sand
content exceeds 40%, the particle size distribution changes back to
poor gradation.

It is known that the addition of large-diameter quartz sand
and the breakage of bentonite aggregates contribute to the increase
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FIGURE 9
Particle size distribution of mixed soil with different sand and diesel contents. (A) changes characteristics in particle size distribution of 0.0 wt.% diesel
content specimens with increasing sand content; (B) changes characteristics in particle size distribution of 6.0 wt.% diesel content specimens with
increasing sand content; (C) changes characteristics in particle size distribution of 40% sand content specimens with increasing diesel content.

TABLE 7 Characteristic parameters of particle size distribution in the mixed soil with different sand and diesel contents.

Testing soil samples

6-0 6-30 6-40 6-50
dy 2.81 2.44 1.70 1.31 3.78 6.95 7.23 12.59 2.40 5.11 9.60
dsy, 5.38 5.28 4.96 3.25 9.13 15.09 15.02 24.64 5.99 11.42 19.20
ds 9.16 9.27 9.53 10.76 17.36 23.70 32.06 42.00 11.06 21.14 34.62
dgg 11.76 12.30 12.95 17.47 23.02 35.19 33.99 53.94 15.53 27.32 42.61
C, 4.18 5.04 7.63 13.38 6.09 5.06 4.70 4.29 6.48 5.35 4.44
C. 0.88 0.93 1.12 0.46 0.96 0.93 0.92 0.89 0.96 0.93 0.90

of both coarse and fine particles in the mixed soil. Their changes
directly affect the chain-filling effect between soil particles and alter
the pore structure of the soil. As shown in Figure 10, the porosity
of the unpolluted mixed soil first decreased from 35.23% (0-0) to
30.05% (0-40) and then increased to 43.57% (0-50). The porosity of
interaggregate pores also showed a similar changing pattern, namely,
it first decreases from 9.22% to 6.38%, and then increases to 13.42%.
The porosity of intraaggregate pores first increases from 19.05% to
22.01% and then decreases to 18.17%. Such changes in pore structure
have an impact on the evolution mechanism of the swell coefficient
in the rapid phase.

According to related research conclusions, when soil undergoes
water absorption and swelling, the smaller the internal voids, the
less the swelling potential, and the faster the soil volume swell
rate (Chunetal, 2022). Therefore, in the early phases of the
swelling test, when the pressurized water infiltrates the bottom of
the unpolluted soil sample, the swell coeflicient of the unpolluted
soil with smaller porosity increases the fastest. Based on the
aforementioned mechanism of pore structure change, it can be
understood that, as the sand content increases from 0% to 40%,
the swell coeflicient gradually increases and then decreases. This
is consistent with the swelling test results. Simultaneously, when
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the bottom layer of the soil sample undergoes water absorption
and swelling, it fills and blocks the pores. As a result, a dense
soil layer that obstructs the upward seepage of pressurized water
was generated, and the further expansion of soil was delayed.
However, as the test progresses, the dense soil layer is eventually
penetrated by the pressurized water, infiltrating the middle and
upper layers of the soil sample. The greater the porosity, especially,
the more interaggregate pores, the more conducive it is to the
seepage of pressurized water. The faster the rising pressurized
water, and the higher the rising height within the soil sample,
the more contacted soil particles. This further facilitates soil swell
(Sabaetal., 2014; Sunetal, 2015; Zengetal.,, 2022). Therefore,
in the later stages of the rapid expansion phase, the swelling
characteristics of the mixed soil revert to the form where the higher
the sand content, the smaller the swell coefficient. Additionally,
the higher the sand content in the mixed soil, the less bentonite
available for hydration reactions, resulting in less energy storage
during soil volume expansion. Consequently, the growth rate of
the expansion characteristics in the middle and later stages of
the swelling test decreases (Zhao etal., 2023), and the duration
is shorter, as shown in Figures 11, 12. Figure 9B illustrates the
particle size distribution of the contaminated soil mixture with
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FIGURE 10
Pore structure of the mixed soil under the influence of sand and diesel. (A) and (B) are the variation of pore structure with increasing sand content for
0.0 wt.% diesel content specimens; (C) and (D) are the variation of pore structure with increasing sand content for 6.0 wt.% diesel content specimens;
(E) and (F) are the changes in pore structure with increasing diesel content for 40% sand content specimens.

a diesel content of 6.0 wt.% under various sand contents. As the
sand content increases, the distribution range of the contaminated
soil shifts from 0.991 to 454 um (6-0) to 1.88-1850 pm (6-50),
and the span increases from 453.009 to 1848.12 um. The d, d5,,
and d, all increase with the sand content, rising from 3.78 um
(6-0) to 12.59 um (6-50), 9.13 um (6-0) to 24.64 ym (6-50), and
23.02 um (6-0) to 53.94 um (6-50), respectively. The uniformity
coeflicient (C,) and curvature coefficient (C_) gradually decrease,
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from 6.09 (6-0) to 4.29 (6-50) and from 0.96 (6-0) to 0.89 (6-
50), respectively. It is observed that the particle size distribution
of the contaminated soil mixture continuously moves towards a
poorly graded distribution. The incorporation of sand into the
contaminated soil is a direct cause of the increase in coarse particle
content within the soil. Additionally, the viscous effect of diesel
serves as a significant influencing factor. Under the viscous action of
diesel, small-diameter soil particles aggregate and adhere, producing
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Process of the no-load swell of mixed soil under the effect of sand and diesel. (A) and (B) bentonite water absorption and expansion process; (C) and
(D) well-graded sand-bentonite water absorption and expansion process; (E) and (F) diesel pollution bentonite water absorption and expansion
process; (G) and (H) well-graded diesel contaminated sand-bentonite water absorption and expansion process.

larger-diameter soil particles. This directly increases the coarse
particle content and reduces the fine particle content within the
contaminated soil mixture (Kaya and Fang, 2005; Izdebska-Mucha
and Trzcinski, 2021).

Using the average particle size (ds,), the sand-diesel coupling
effect on particle size distribution was further analyzed, as shown
in Figure 13. It indicates that when the sand content is within the
ranges of 0%-30%, 30%-40%, and 40%-50%, the differences in the
increments of the average particle size (ds,) between unpolluted
mixed soil and diesel-contaminated mixed soil are 6.23, 8.10, and
8.71 um, respectively. Clearly, with an increase in sand content,
the difference in the increments of the average particle size (ds,)
becomes larger. Therefore, it can be concluded that, although
the diesel content remains constant, the changes in particle size
distribution due to the addition of diesel differ from those in
the unpolluted soil as the sand content increases. The higher the
sand content, the greater the influence of the sand-diesel coupling
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effect on the particle size distribution. As mentioned previously, an
increase in coarse particle content and a decrease in fine particle
content can increase the pore space within the soil. Through the
MIP test, the changes in the pore structure of diesel-contaminated
mixed soil with the increasing sand content can be detailed in
Figures 10C,D. The pore size distribution of diesel-contaminated
mixed soil remains typically bimodal, but the total apparent porosity,
interaggregate porosity, and intraaggregate porosity of the soil
differ under the influence of sand content. The porosity increases
from 30.05% (0-40) to 43.02% (8-50), the interaggregate porosity
increases from 6.5% (0-40) to 22.49% (8-40), and the intra-aggregate
porosity decreases from 22.01% (0-40) to 17.25% (8-40). Hence,
it is evident that the density of diesel-contaminated soil does not
undergo a phased change like that of the unpolluted mixed soil,
but decreases gradually with an increase in the sand content. Based
on the theory that larger pore spaces within the soil consume
more swelling potential of bentonite (Zhao et al., 2023), the swelling
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coeflicient of the contaminated mixed soil during the rapid swelling
phase decreases gradually with a reduction in density and does not
increase with the sand content.

An increase in the pore space within the soil not only
directly reduces the swell characteristics of the contaminated soil,
but also shortens the duration of each swell phase, accelerating
the completion of the swell process (Souza and Pejon, 2020;
Wang D. etal., 2021). However, on the swell time curve of the
contaminated soil, only the duration of the rapid swell phase is
shortened, while the duration of the slow swell phase and the time
to reach expansion stability increase, which indicates that this is
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related to the diesel within the contaminated soil. Through the
known regional distribution of diesel under different sand contents
in Section 4.2, it is found that the higher the sand content, the
more diesel is present in the bentonite region. The more diesel is
distributed, the more and larger diesel bentonite flocs are generated
due to the viscosity effect of diesel (Figures 11, 12) (Izdebska-
Mucha and Trzcinski, 2021; Rahman and Sharma, 2023). In the
flocs, diesel is trapped between soil particles, adsorbed on the
surface of bentonite particles, and immersed in the pores of soil
(montmorillonite intergranular pores) (Habib-ur-Rehman etal,
2007). When the pressure water approaches the floccules, the
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Variation amplitude of average particle diameter (dsq) in different sand
content ranges of the mixed soil with diesel contents of 0.0
and 6.0 wt.%.

surface-adsorbed diesel not only hinders the pressure water from
approaching the outer surface of the floccules and slowing down
the swell process but also hinders the infiltration of pressure water
into the interior of the floccules, which further slows down the
swell process. The more diesel clogging in the pores, the greater
the difficulty of pressure water displacing the clogged diesel. This
results in a stronger delaying effect on the expansion process. The
diesel immersed in soil particles wraps around the montmorillonite
crystals, forming a diesel-coated crystal structure that hinders the
short-range (interlayer) swell of the crystals. Meantime, due to the
presence of adsorbed diesel, the growth of water layers bound to
the montmorillonite crystals not completely enveloped by diesel
is also limited, which to some extent hinders the development of
short-range (interlayer) swell. Therefore, it can be concluded that in
the diesel-contaminated soil, the rate of water absorption and swell
of bentonite aggregates can be significantly slowed down with an
increase in the sand content, leading to a substantial extension of
the time required to complete the entire expansion process (Xu et
al., 2014; Zhu et al., 2016).

As mentioned earlier, when the swell soil undergoes the volume
swell, it is accompanied by the process of pressure water infiltration,
and the rate of swell is influenced by the infiltration characteristics.
Furthermore, it can be noted that, when soil undergoes infiltration,
water mainly passes through the interaggregate pores in the soil
skeleton (aggregated pores), and is hindered by the filled fine
particles (Feietal, 2019). Therefore, the evolution of volume
swell is not only affected by the interaggregate pores of the soil
skeleton but also by the filling materials in the pores. Porosity
structure tests show that, with an increase in the sand content, the
aggregated pores in the diesel-contaminated swell soil also increase.
This provides more permeation channels for the pressure water,
which is conducive to enhancing the infiltration characteristics
and accelerating the water absorption and swell process of the
diesel-contaminated soil (Cheon et al., 2021). However, with an
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increase in the sand content, the diesel content in the region where
the swell soil is located also increases. The additional diesel not
only weakens the water absorption and swelling characteristics of
the swell soil (short-range expansion) but also delays the long-
range swell. Since diesel and water are not miscible, they are not
evenly distributed in the mixed soil and are interlaced in pores
(Rahman and Sharma, 2023). When the pressure contacts the
bottom of the soil cake, the phenomenon of water displacing oil 1
immediately occurs in the interaggregate pores of the mixed soil.
At this time, the infiltrating pressure water is not only hindered
by the swell soil particles but also by the blocking effect of the
diesel. Moreover, the more diesel content in the distribution area of
the swell soil, the stronger the oil-sealing effect (Javanbakht et al.,
2017; Verma etal.,, 2018; Selem etal., 2021). Simultaneously, the
infiltration of pressurized water alters the internal pH of the
soil, making it more acidic, which enhances the adsorption and
precipitation of diesel on soil particles and within pores, thereby
increasing the oil-sealing effect (Baietal., 2024). Consequently,
the water absorption and swelling rate of diesel-contaminated
mixed soil is significantly reduced due to the added resistance.
Furthermore, as the experiment progresses, the free diesel in the
upper part of the soil sample gradually accumulates in the oil-
sealing layer, directly increasing the resistance to the upward
movement of pressurized water (Baietal., 2020). This restricts
the evaporation and capillary action induced by temperature
effects, thereby extending the time required to complete the entire
permeation process (see Figures 11, 12).

In summary, the influence of sand content on the swell
characteristics of the diesel-contaminated soil includes two
opposing aspects. However, according to the experimental results,
the dominant effect of the increase in the sand content on the sealing
effect of diesel oil caused by swelling is not only to reduce the
strength of the water absorption and swelling characteristics of
the expansive clay aggregates, prolonging the water absorption and
swelling process, but also to hinder the infiltration of pore water,
significantly delaying the long-term swelling process. In addition,
due to the influence of immersion in diesel oil, the water absorption
and swelling capacity of soil particles are no longer affected by
their own hydration capacity and aggregate structure, and the
infiltration process is no longer affected by the pore structure. Under
the influence of many factors, the evolution process of the swell
coefficient is complex, and its linear relationship with time changes.
Therefore, the duration of linear change in the rapid swell phase on
the swell time curve decreases.

With a constant sand content, an increase in the diesel content
can enhance the viscous effect of bentonite in the mixed soil.
The more diesel content absorbed on the surface of bentonite
particles, the more significant the increase in the number and
size of aggregates. Therefore, the water absorption and swelling
strength of bentonite aggregates continue to weaken, and the
water absorption and swelling process is significantly prolonged.
However, the adsorption capacity of the bentonite for diesel
is always limited. Therefore, the more diesel content is added,
the freer diesel content is present in the pores between the
aggregates of the mixed soil, and its hindrance to the permeation
pressure of water is stronger (Akhlaghi Amiri and Hamouda, 2014;
Junjie et al., 2014; Afsharietal,, 2019). Therefore, on the swell
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coeflicient curve, the swell coefficient is smaller, the time required to
complete the entire swell process is prolonged, the slow swell phase
is also longer, and the linear change process of the swell coeflicient
in the rapid swell phase continues to shorten.

Conclusion

The main conclusions are as follows.

(1) Changes in sand content did not affect the three-phase swelling
characteristics of unpolluted mixed soil. As sand content
increased, the stable phase swell coefficient and the duration of
each swelling phase decreased. During the rapid swell phase,
the swell coefficient increased with sand content from 0% to
40% but decreased beyond 40%.

(2) The swelling curve of diesel-contaminated mixed soil also

exhibited a three-phase pattern. Increased sand content

reduced swell characteristics in each phase, extended the
slow and stable swell phases, and shortened the rapid swell
phase.

Cation exchange capacity (CEC) defines water absorption

swell characteristics but cannot fully explain the swelling

3)

history curve. Changes in soil particle size distribution,
affecting soil compaction, primarily cause variations in the
swell coefficient with increasing sand content during the
rapid swelling phase. Diesel infiltration alters the particle size
distribution and compaction (porosity structure), influencing
the swell coefficient variation during the rapid swell
phase.
(4) Increased sand content reduces the material undergoing
water absorption swell and affects the initial swell potential
of bentonite, impacting the swell coefficient in each phase.
Diesel adsorption by montmorillonite changes bentonite
composition and creates an oil-sealing effect in pores,
increasing permeation resistance, shortening the rapid
swell phase, and lengthening the slow and stable swell
phases.
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