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Abstract: Expansive soil exhibits significant swellings and shrinkages, which may result in severe
damage or the collapse of structures built upon it. Calcium-based admixtures, such as lime, are
commonly used to improve this problematic soil. However, traditional chemical additions can
increase significant environmental stress. This paper proposes a sustainable solution, namely, the use
of lignin fiber (LF) from the paper industry to partially replace lime as an amendment for expansive
soils. Both the macroscopic and microscopic characteristics of the lignin fiber-treated expansive
soil are extensively studied. The results show that the mechanical properties of expansive soil
are improved by using lignin fiber alone. Under the condition of an optimal dosage of 8%, the
compressive strength of lignin fiber-modified soil can reach 193 kPa, the shear strength is increased by
40% compared with the untreated soil, and the water conductivity is also improved with the increase
in dosage. In addition, compared with 2% lime-modified soil, the compressive strength of 8% lignin
fiber- and 2% lime composite-treated expansive soil increased by 50%, the cohesion increased by 12%,
and the water conductivity decreased significantly. The microstructure analysis shows that at an 8%
lignin fiber content, lignin fibers interweave into a network in the soil, which effectively enhances the
strength and stability of the improved soil. Simultaneously, the fibers can form bridges across the
adjacent micropores, leading to the merging of pores and transforming fine, dispersed micropores
into larger, connected macropores. Lime promotes the flocculation of soil particles, forming larger
aggregates and thus resulting in larger pores. The addition of fibers exerts an inhibitory effect on
the flocculation reaction in the composite-improved soil. In conclusion, lignin fibers are an effective
addition used to partially replace calcium admixture for the treatment of expansive soil, which
provides a sustainable and environmentally friendly treatment scheme for reducing industrial waste.

Keywords: expansive soil; lignin fiber; calcium-based admixtures; improved soil; mechanical
properties; microstructure

1. Introduction

Expansive soil is widespread in the world, especially in China; one-third of the
country’s land area is occupied by expansive soil [1]. These soils are considered problematic
soils due to their volume change behavior caused by their water-sensitive properties. This
behavior is mainly induced by the clay minerals of the montmorillonite family. These
typical clay minerals have a strong binding capacity with water, showing swelling and
softening under water absorption and shrinkage and hardening under water loss [2,3].
Globally, expansive soils impact over 8 million square kilometers, affecting countries
including the United States, India, and Australia. In these regions, the associated economic
losses to infrastructure are estimated to run into billions of USD annually. Considering
the extensive impacts of expansive soils, it is crucial to conduct research and implement
sustainable mitigation strategies within civil engineering projects. This ensures compliance
with engineering standards and minimizes potential adverse effects. [4].

Soil improvement is usually used to improve the engineering properties of expansive
soils. Soil improvement methods are mainly divided into two categories: physical and
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chemical improvement. The physical improvement method usually includes the addition
of fibers [5-7], geotextiles [8], etc., to the soil or changes to the particle gradation by adding
coarse particles such as steel slag [9], sand [10,11], rubber particles [12], gravel [13], and
construction waste [14], thereby enhancing the physical and strength characteristics of
the soil. In addition to these materials, bentonite has been successfully used to improve
soil compactness, reduce permeability, and enhance mechanical stability [15]. At present,
the chemical modification method mainly involves adding lime [16,17], cement [18], or
chemical slurry [19] to the soil and aims to achieve soil improvement by adjusting the
mineral composition or structure inside the soil. However, the production and use of
alkaline chemical materials such as lime and cement will produce a large amount of carbon
dioxide [20].

Nowadays, more and more attention has been paid to green and economically im-
proved materials in the field of soil treatment. Lignin fiber, as an economical byproduct
of the paper industry with a wide range of sources, has a high level of toughness and is
insoluble in water. It is non-toxic, tasteless, and environmentally friendly [21]. In particular,
lignin fibers have been treated at high temperatures and chemically modified to provide
excellent resistance to degradation. This resistance allows lignin fibers to maintain their
structural stability in alkaline or other harsh environments, which is not the case with many
other natural fibers. Currently, lignin fiber has been relatively widely used in improving
the performance of asphalt pavement [22-24], but its application in the geotechnical field is
still rare. Moslemi et al. [25] treated soil with lignin fibers and found that the shear strength
of the improved soil was significantly improved by longer fibers. Dong et al. [26,27] added
lignin fibers into loess, and their results showed that the lignin fibers significantly improved
the strength, thermal conductivity, thermal diffusivity, and specific heat of the loess. Dong
et al. [28] also studied the improvement effect of lignin fibers on the strength and deforma-
tion characteristics of red clay through a series of experimental tests and a scanning electron
microscope test. The results showed that lignin fibers can improve the strength of red clay to
a certain extent. Chen et al. [29] showed that lignin fiber—fly ash-treated expansive soils had
greater strength and water stability. Fan et al. [30] studied the effects of freeze-thawing on
lignin fiber-treated expansive soils, and the results showed that lignin fibers can effectively
improve the freeze—thaw resistance of expansive soils. Previous studies have focused on
the general effect of lignin fiber on different kinds of soils. The effectiveness of lignin fiber
improvement has been confirmed, but a certain gap in strength compared to traditional
lime-modified soil has also been observed. According to existing studies, the optimal
dosage of traditional amendments such as lime for expansive soils is generally 4-6% [31,32].
Although the strength of this amendment method has improved, the carbon emissions and
environmental pollution to the surrounding soil caused by high dosages should not be
underestimated. Considering both environmental friendliness and improvement effects,
the lignin fiber and lime composite improvement method could be a potential approach.
However, there is limited study in this area. Furthermore, the microscopic mechanism of
lignin fiber treatment is still not clear.

This study aims to explore a novel method for soil improvement which involves the use
of lignin fiber (LF) from the paper industry combined with lime to enhance the properties of
expansive soils. Lime is currently a common material for improving expansive soils, but its
environmental impact has prompted a search for more sustainable alternatives. This paper
proposes the partial replacement of lime with lignin fibers to reduce the environmental
load and investigates the potential effects of this composite material on the mechanical
properties and microstructure of the soil. The uniqueness of this method lies in its use of
industrial byproducts for soil stabilization, which not only lowers treatment costs but also
enhances environmental sustainability. By optimizing the ratio of lignin fibers to lime, this
study provides an effective approach to the sustainable improvement of expansive soils,
utilizing industrial waste and enhancing the eco-friendliness and economic benefits of soil
improvement materials.
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2. Materials and Methods
2.1. Test Materials

The soil used in this experiment was collected from a construction site in Ankang City,
Shanxi Province. The sampling depth was 2 m. Expansive soil from Ankang City, located in
a renowned expansive soil region south of the Qinling Mountains, was chosen for its high
expansiveness and plasticity, making it an ideal subject for studying the properties and
engineering challenges of such soils. The particle size distribution of the soil was obtained
using the BT-9300ST from Liaoning Dandong Baxter Instrument Co. (Dandong, China)
laser, as shown in Figure 1. Within the framework of the Unified Soil Classification System
(USCS) [33], the expansive soil, characterized by a liquid limit of 58.41%, a plastic limit
of 33.73%, and a plasticity index of 24.68%, was classified as a high-plasticity clay (CH).
Furthermore, this soil exhibited a free swell ratio of 77%, categorizing it as a soil of medium
expansiveness. The basic physical properties of the soil were measured in accordance with
the “Standard for Test Methods of Soil Engineering” (GB/T 50123-2019) [34]. More detailed
basic physical properties of the soil are shown in Table 1. The mineral composition of the
test soil was determined by an X-ray diffraction (XRD) semi-quantitative analysis, in which
the content of montmorillonite was 24% and the content of illite was 20%, as shown in
Table 2.
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Figure 1. Particle gradation curve of Ankang expansive soil.

Table 1. Basic physical indexes of Ankang expansive soil.

Liquid Plastic Plasticit Maximum Optimal Free
Limit Limit Index y Dry Density  Moisture Swelling
/(%) /(%) /(g/cm?’) Content/(%) Ratio/(%)
58.41 33.73 24.68 1.57 22 77

Table 2. XRD mineral composition of Ankang expansive soil.

Quartz Montmorillonite Illite Plagioclase Microcline Kaolinite
(%) /(%) /(%) /(%) /(%) (%)
34 24 20 8 7 7

The lignin fibers are grayish-white, neutral in pH, insoluble in water, and environ-
mentally friendly. They have good hydrophilic properties. These fibers are organic fibers
extracted from chemically treated natural wood, which have good chemical stability and
corrosion resistance, as illustrated in Figure 2a. The lime used in the test contains calcium
oxide at a concentration of >98%, as depicted in Figure 2b.
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Figure 2. Tested materials: (a) lignin fiber and (b) lime.

2.2. Sample Preparation

First, the undisturbed soil was air-dried, crushed, and sifted through a 2 mm sieve
to prepare soil samples. The lignin fibers were filtered through a 1 mm sieve and mixed
with the dry, expansive soils [35]. Subsequently, pure water was gradually sprayed into
the mixture until it reached the optimum moisture content. The mixed soil samples were
sealed in a fresh-keeping bag and stored for 12 h to ensure uniform water distribution
within the samples.

In this test, the diameter of the unconfined compressive specimen was 38 mm, and
the height was 80 mm. The direct shear specimen was a round cake-shaped sample with
a diameter of 50 mm and a height of 20 mm. The infiltrated sample was a cylindrical
sample with a diameter of 38.1 mm and a height of 20 mm. The specific sample production
process was as follows: The sample was compacted into three layers. After compaction, the
prepared samples were wrapped in cling film and placed in a constant temperature and
humidity box for standard curing. The curing conditions were 20 °C and a humidity of
92% = 2%. The test parameters and sample preparations followed the “Standard for Test
Methods of Soil Engineering” (GB/T 50123-2019) [34].

3. Test Scheme

In this study, the mechanical behavior of the treated expansive soils was measured.
The test program included the unconfined compressive strength test, the direct shear test,
and the hydraulic conductivity test. Moreover, the microstructure of the improved soil was
analyzed using scanning electron microscopy and mercury intrusion porosimetry. Aiming
to reduce the amount of lime, this experiment sought to determine the optimal dosage
of lignin fibers for composite improvement. By comparing the expansive soil improved
with only lignin fiber, only lime, and the composite improvement, the study discusses the
advantages of the various improvement methods. The specific test dosage ratio information
is presented in Table 3.

In the unconfined compressive strength test, the axial loading rate was set as 1 mm/min.
The instrument used in the direct shear test was a pneumatic direct shear instrument with
a strain rate of 0.8 mm/min, and the vertical pressures were 50 kPa, 100 kPa, 200 kPa,
and 400 kPa, respectively. In the hydraulic conductivity test, the saturated hydraulic
conductivity of the improved soil was measured using a rigid wall permeameter, with
the water injection pressure set to 1 MPa (equivalent to a water head difference of 1 m).
The instrument used for the scanning electron microscopy analysis was a Hitachi 54800
from Qingdao Jiading Analytical Instrument Co. (Qingdao, China), with magnifications
of 500x and 1000x. The equipment used for the mercury intrusion porosimetry was an
Auto-pore IV 9510 from Micromeritics Instrument Corp. (Norcross, GA, USA), capable of
measuring pore sizes ranging from 5 nm to 360 um.
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Table 3. Basic information on soil samples.

Soil Type Lignin Fiber (LF)/(%) Lime/(%) Curing Age/(d)

Prime expansive soil - - -
Lignin fiber-improved soil ~ 2/4/6/8/10 - -
Lime-improved soil - 2/4 1/3/7/14
Optimum dosage of 5 1/3/7/14

Composite-improved soil lignin fiber

4. Test Results Analysis
4.1. Analysis of the Results of Lignin Fiber-Improved Soil
4.1.1. Unconfined Compressive Strength Test

Figure 3 demonstrates that the addition of an appropriate amount of lignin fibers can
increase the compressive strength of expansive soil. The unconfined compressive strength
of the improved soil initially increases with the increasing lignin fiber content, reaching
a maximum at 8%. The addition of 2% to 10% lignin fibers increased the unconfined
compressive strength by 87 kPa, 127 kPa, 157 kPa, 191 kPa, and 163 kPa, respectively.
As the lignin fiber content increases, the slope of the stress—strain curve also gradually
increases, indicating that lignin fibers contribute to the improvement of the elastic modulus
of expansive soil. After the addition of lignin fibers, the stress—strain curve of the improved
soil exhibits stress softening, indicating that it does not alter the stress—strain characteristics
of the expansive soil. At 2% lignin fiber content, lignin fibers are mainly present in the soil
alone, and the effect on compressive strength is limited. As the lignin fiber content increases,
the lignin fibers not only weave together to form a network structure but also effectively fill
the pores between the soil particles. When the lignin fiber content reaches 10%, there are
too many lignin fibers that cannot be evenly distributed in the soil and tend to agglomerate.
As a result, a significant reduction was observed in soil strength and stability. This behavior
is aligned with findings by Marcuello et al. (2020), who reported that relative humidity
impacts the Young’s modulus of lignocellulosic polymers and their adhesion with cellulose
nanocrystals at the nanoscale, providing a microstructural explanation for the variance in
performance observed at different lignin fiber concentrations [36].
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Figure 3. The relationship curves between the axial stress and axial strain of the expansive soil
improved by different contents of lignin fibers.
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As shown in Figure 3, the strain at the maximum stress initially increases and then
decreases with the increase in lignin fiber content, peaking at 8%. The strain at the maximum
stress for the other doped soil samples exceeds that of the untreated soil, indicating that
lignin fibers enhance the ductility of expansive soils. A moderate fiber content improves
the toughness and strength of the soil by providing a physical bridging effect, which
increases soil cohesion and crack resistance. Aslan and Ziilfii [37] also observed that the
enhancement of unconfined compressive strength in clay soils through basalt fiber (BF)
additions is effective only to a certain limit. Specifically, a 4% BF reinforcement raised
the qu value by 29.35% compared to unreinforced clay, but a further increase to 5% BF
resulted in a slight reduction of 2.02%. This indicates that more fibers can lead to a greater
fiber concentration, which results in the formation of aggregates, as also observed by Dong
Fanchao et al. in their study on the shear strength of loess improved with lignin fibers,
where a high fiber content led to fiber agglomeration [38]. Similarly, this decline is attributed
to fiber aggregation caused by electrostatic interactions at higher fiber concentrations, which
prevents even dispersion and diminishes the interface effectiveness between the fibers and
the soil [39].

4.1.2. Direct Shear Test

Figure 4 shows the stress—strain relationship curves of the improved soil with different
lignin fiber contents under a 400 kPa vertical pressure. As shown in Figure 4, after fibers
are added to the soil sample, the shear stress increases with the shear displacement and
gradually decreases after reaching its peak. The shear strength of the improved soil for
five different dosages is 364.15, 369.75, 386.56, 425.77, and 405.91 kPa, respectively, and
the shear strength increase rates range from 20.12% to 40.57%, indicating a significant
improvement in shear resistance. Figure 5 presents the fitting curve of the direct shear
test for the improved soil with different lignin fiber contents. Under each vertical stress,
the shear strength of the fiber-improved soil is greater than that of the untreated soil.
The results indicated that the treated sample with a fiber content of 8% had the highest
shear strength. This can be attributed to the optimal balance between fiber volume and
dispersion within the soil matrix. At this concentration, the fibers are sufficiently abundant
to significantly enhance the soil structure by bridging soil particles and providing additional
resistance against shear forces. However, they are not so concentrated as to cause significant
fiber agglomeration, which can weaken the soil by reducing effective stress transfer and
soil particle contact, as previously discussed with reference to the findings from Dong
Fanchao et al. [38] and Aslan and Ziilfti [37]. This optimal fiber content thus maximizes the
reinforcement benefits while minimizing the negative effects of over-concentration, leading
to the highest shear strength observed in the samples.

Table 4 demonstrates that the cohesion (c) and internal friction angle () of the soil
improved with lignin fiber initially increase and then decrease as the lignin fiber content
increases. At 8% lignin fiber content, the cohesion rose from 166.83 kPa to a maximum value
of 210.53 kPa. At 10% lignin fiber content, the cohesion slightly decreased to 204.16 kPa.
Similarly, the internal friction angle (¢) increased from 16.12° to a maximum of 26.00° at
8% fiber content before decreasing to 24.44° at 10% fiber content. This phenomenon is
attributed to the toughness of the fibers and their ability to absorb stress and energy during
shearing. The distribution of fibers in the soil forms an effective network that prevents
excessive movement and the failure of soil particles under stress, enhancing the overall
shear resistance and improving the cohesive strength of the soil [6,40]. However, when
the fiber content is very high, the fibers cannot be evenly distributed in the soil, leading
to the formation of fiber aggregates. This decreases the strength of the soil. The trend in
the internal friction angle is similar to that of cohesion. The addition of fibers significantly
changed the frictional properties of the fracture surface of the expansive soil. This is mainly
due to most fibers on the shear plane not being arranged parallel to the shear direction.
This enhances the interlocking between soil particles and fibers, thereby increasing the
internal friction angle.
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Figure 4. The relationship curves of the shear stress and horizontal displacement of the expansive

soil improved by different contents of lignin fibers.
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Figure 5. The fitting curves of the shear strength and vertical stress of the expansive soil improved by

different contents of lignin fibers.

Table 4. Fitting parameters of the cohesion and internal friction angle of the expansive soil improved

by different contents of lignin fibers.

Lignin Fiber (LF)/(%) C/(kPa) @/(°) R?
0 166.83 16.12 0.923
2 183.46 18.46 0.922
4 200.64 20.39 0.931
6 207.51 21.23 0.932
8 210.53 26.00 0.972
10 204.16 24 .44 0.969

4.1.3. Hydraulic Conductivity Test

Based on the results of the unconfined compressive strength and direct shear tests,
the optimum content of lignin fibers was determined to be 8%. Consequently, a rigid wall
permeameter was utilized to conduct the hydraulic conductivity test on soil improved
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with 8% lignin fiber. Untreated soil and soil improved with 2% lignin fiber served as the
control group.

As shown in Figure 6, the hydraulic conductivity of the untreated soil, 2% fiber-
improved soil, and 8% fiber-improved soil is 3.67 X 10=7 ecm/s, 6.74 x 10~7 cm/s, and
1.05 x 10~® cm/s, respectively. It is observed that after the addition of lignin fibers, the
hydraulic conductivity of the sample slightly increases, with the growth rate ranging from
45% to 65% as the content increases. This demonstrates that lignin fibers significantly
influence the hydraulic conductivity of expansive soil. When lignin fibers are mixed with
soil, larger macropores will be formed, which increase the permeability of the treated
soils. These findings are corroborated by the detailed pore structure analysis presented
in Figure 9, where the proportion of macropores in the soil significantly increases from
27.2% in the untreated soil to 33.1% and 37.8% in the 2% and 8% fiber-improved soil,
respectively. This is consistent with the results of the hydraulic conductivity tests and
supports the conclusion that lignin fibers enhance soil permeability by forming larger
macropores. This aligns with the findings from Maher and Ho [41], who reported that
the inclusion of fibers in kaolinite clay significantly increased its hydraulic conductivity,
especially at higher fiber contents. Similarly, Miller and Rifai [42] observed that within
certain limits, the fiber content helped maintain the hydraulic conductivity at acceptable
levels for waste containment applications, although higher contents significantly increased
the conductivity.

1.6x10°°

1.4x107°°

1.2x107°

1.0x10°°

8.0x1077
6.0x1077

4.0x107

Hydraulic conductivity (cm/s)

2.0x1077

0 1 1 1 1 1
-2 0 2 4 6 8 10

Lignin fiber content (%)

Figure 6. The relationship curve of the hydraulic conductivity and lignin fiber contents of the
expansive soil improved by lignin fibers.

4.1.4. Microstructure Investigations

As shown in Figure 7, treatment with lignin fibers significantly increases the total
mercury intrusion porosity. As the lignin fiber content increases, the cumulative void ratio
of the fiber-improved soil continues to increase. Figure 8 presents the pore size distribution
curve of the expansive soil and the lignin fiber-improved soil. As shown in Figure 8, the
pore size distribution of the fiber-improved soil exhibits a unimodal structure. After the
addition of fibers, the peak value of the modal size shifts to the left, from 3.76 to 2.48 um,
gradually. However, the quantities of these pore families with peak values increased due to
the lignin fiber treatment.

To further analyze the effect of the lignin fiber content on the pore distribution of
the amended expansive soils, these pores were classified into two categories: micropores
(<1 pm) and macropores (>1 pum).

Figure 9 demonstrates that the proportions of macropores and micropores in the
untreated soil were 27.2% and 72.8%, respectively. With the increase in fiber content, the
proportion of macropores in the 2% lignin fiber-improved soil increased to 33.1%, while
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the proportion of micropores decreased to 66.9%. The proportions of macropores and
micropores in the 8% lignin fiber-improved soil stood at 37.8% and 62.2%, respectively. The
proportion of macropores in the improved soil significantly increased by 5.9% to 10.6%
compared with the untreated soil. This increase in macropores is primarily attributed to the
physical filling of lignin fibers in the micropores of the samples. In addition, lignin fibers
can form aggregates, creating more macropores. As a result, the increasing macropores
can increase the permeability of the treated soil. This is consistent with the results of the
hydraulic conductivity tests above.
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Figure 7. Cumulative pore distribution curves of expansive soil improved by different contents of
lignin fibers.
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Figure 8. The pore density distribution curves of expansive soil improved by different contents of
lignin fibers.

Figure 10 presents a scanning electron microscope image of lignin fiber-improved
soil at various dosages. As shown in Figure 10b, with a lignin fiber content of 2%, the
fibers predominantly exist in the soil individually and connect with the soil particles. In
this case, the tensile stress of individual fibers contributes to the increasing strength of the
treated soil. As shown in Figure 10c, at a fiber content of 8%, the fibers intertwine in the
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soil, forming a grid structure and exhibiting a bridging effect. As shown in Figure 10d, the
fibers effectively fill the pores. Consequently, besides the effect of the tensile strength of the
fibers, a three-dimensional enhancement effect is also superimposed. That is, lignin fibers
not only fill the pores but also make the soil denser, thereby enhancing its strength and
stability, leading to a largely improved shear strength in the case of the samples treated
with a higher content of fibers. Note that, when an excessive amount of fibers is added,
agglomeration among the fibers may occur, altering the particle connection structure and
reducing the soil strength.
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Figure 9. The percentage change in various types of pores in expansive soil improved by different
contents of lignin fibers.

Regulus8100 5.0kV 12.2mm x500 LM(UL)

© | ' (d)

Figure 10. Scanning electron microscopy of lignin fiber-improved soil: (a) lignin fiber content of 0%
(500 times), (b) lignin fiber content of 2% (500 times), (c) lignin fiber content of 8% (500 times), and
(d) lignin fiber content of 8% (300 times) (different magnifications for subfigure (d)).
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4.2. Analysis of Test Results of Lignin Fiber—Lime Composite-Improved Soil
4.2.1. Unconfined Compressive Strength Test

Based on the test results for the solely lignin fiber treatment, an optimum content of
8% was identified. In order to reduce lime addition, a series of experimental tests were
performed to study the effectiveness of lime and lignin fiber treatment. In the unconfined
compressive strength test, four groups of soil samples were prepared for comparative
analysis: untreated soil, soil improved with (0% to 10%) lignin fibers and 2% lime composite,
and soil improved with 4% lime. To study the curing time’s effect, the soil samples were
tested after 1, 3, 7, and 14 days of curing.

Figure 11 illustrates the relationship between the compressive strength of the composite-
improved soils. As shown in Figure 11, the compressive strength of the improved soil
significantly increased with the 2% lime treatment. Furthermore, as the lignin fiber content
increased, the compressive strength of the composite-improved soil initially increased,
peaked at 8%, and then declined. In comparison to the soil improved with 2% lime, the
strength of the soil improved with a mixture of 8% lignin fiber and 2% lime showed a
39.32% and 49.66% increase after 7 days and 14 days, respectively. Therefore, the optimum
lignin fiber content in composite-improved soil is determined to be 8%.
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Figure 11. The relationship between the lignin fiber contents and the compressive strength of the
composite-improved soil.

In Figure 12, the compressive strength of the soil improved with the 8% lignin fibers
and 2% lime mixture is depicted at different curing ages, in contrast to the soils improved
with 2% and 4% lime. As shown in Figure 12, the compressive strength of the composite-
improved soil at various curing ages surpasses that of the soil improved with 2% lime but
falls short of the strength of the soil improved with 4% lime. After 7 and 14 days of curing,
the compressive strength of the composite-improved soil reaches 92.40% and 76.84% of the
strength of the soil improved with 4% lime alone.

4.2.2. Direct Shear Test

Based on the results of the unconfined compressive strength test for the composite-
improved soils, it was determined that the optimum content of lignin fibers mixed into 2%
lime-improved soil is 8%. Therefore, a direct shear test was conducted with four groups of
soil samples for a comparative analysis: untreated soil, soil improved with 2% lime, soil
improved with 4% lime, and soil improved with 8% lignin fibers and 2% lime. After sample
preparation, tests were performed after 1, 3, 7, and 14 days of curing.
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14

—a— Untreated soil
—o— 2% Lime

—A— 2% Lime + 8% LF
—v— 4% Lime

Curing age (d)
Horizontal displacement ( mm )

As illustrated in Figure 14, the shear stress shows a linear increase with vertical stress,
with the fitting line for the improved soils significantly surpassing that of the untreated soil.
This indicates a substantial improvement in the shear strength of the soil. Simultaneously,

the inclination angle of the fitting line increases, indicating a gradual increase in the internal

As shown in Figure 13, the results reveal that the addition of lime significantly increases
friction angle of the improved soil.

the shear stress of the improved soil, which then experiences a rapid reduction after reaching

600 -

its peak value. This shift leads to a change in the failure mode from plastic to brittle failure.
700

This phenomenon can be attributed to the reactions between the lime and clay minerals,
Figure 13. The relationship between the shear stress and the horizontal displacement of the improved

their bonding force. Moreover, after the addition of 8% lignin fibers, an improvement in
soils with different treatments (200 kPa).

leading to the creation of cementation that fills the pores between soil particles and enhances
the ultimate strain corresponding to the peak strength was observed.

Figure 12. The relationship between the compressive strength and the curing days of the improved

soils with different treatments.
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Figure 14. The fitting curves of the shear stress and vertical stress of the improved soils with
different treatments.

The relationship between the cohesion and internal friction angle of the improved
soils with different treatments at different curing ages is depicted in Figures 15 and 16. The
cohesion of the improved soil with different treatments increases with the curing age. After
1 day of curing, the cohesion of the composite-improved soil reaches its peak. After 7 and
14 days of aging, the cohesion of the composite-amended soil reached 91.59% and 96.95%
of the cohesion of the 4% lime-improved soil, respectively, and increased by 7.76% ~ 12.17%
for the 2% lime-improved soil. This indicates that with smaller curing ages, the reaction
between the lime and soil particles is insufficient. At this stage, the bridging and filling
effects of the fibers in the soil are more pronounced, consequently increasing cohesion in the
composite-improved soil. As the curing age increases, the cohesion of the lime-improved
soil with a higher dosage gradually exceeds that of the composite-improved soil.

450
3 Untreated soil
400 - 2% Lime

I 2% Lime + 8% LF
350 F E= 4% Lime

77777

14
Curing age (d)

Figure 15. The relationship between the cohesions and the curing days of the improved soils with
different treatments.
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Figure 16. The relationship between the internal friction angle and the curing days of the improved
soils with different treatments.

Figure 16 shows the changes in the internal friction angle over time for the different
soil treatments. The internal friction angle of the composite-improved soil increased from
44.63° to 50.56°. For the improved soil with 4% lime, the internal friction angle increased
from 47.03° to 55.56°. In contrast, the internal friction angle of the improved soil with
2% lime remained around 42°, showing minimal variation but still higher than that of
untreated soil. In the case of lime treatment, cementitious materials gradually fill the pores
and bind the soil particles together, consequently increasing the soil strength. During
curing, a continuous increase in strength can be observed because of the increasing quantity
of cementitious compounds generated. Therefore, the higher strength gain is also consistent
with more cementitious materials, as for the improved soil with a larger content of lime.
Conversely, lignin fibers create a three-dimensional network structure, increasing porosity
and enhancing strength. As for mixture improvement, both the effect of the lignin fibers
and that of the lime contribute to strength enhancement. However, lime treatment plays
a major role in the mixture treatment. As a result, the 4% lime-improved soil presents a
higher strength than the mixture-improved soil.

4.2.3. Hydraulic Conductivity Test

In this experiment, a rigid wall permeameter was used to conduct saturated hydraulic
conductivity tests on four groups of soil samples: untreated soil, 2% lime-improved soil,
4% lime-improved soil, and soil improved with an 8% fiber and 2% lime composite. Tests
were conducted after 1, 7, and 14 days of curing, respectively.

As shown in Figure 17, the hydraulic conductivity of the improved soil decreases with
increasing curing days. With the increasing curing time, the chemical reactions between
the lime and the soil, as well as the connections between the lignin fibers, cementing
materials, and soil particles, become more stable. These cementing material products
enhance the strength and stability of the soil, filling some pores and thereby reducing the
hydraulic conductivity. Additionally, as shown in Figure 17, the hydraulic conductivity
of the composite-improved soil is lower than that of the solely lime-improved soil at
each curing age. This indicates that the addition of lignin fibers significantly reduces the
hydraulic conductivity of the sample.
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Figure 17. The relationship between the hydraulic conductivity and the curing days of the improved
soils with different treatments.

4.2.4. Microstructure Investigations

Figure 18 presents the cumulative pore distribution curves of the improved soil with
various treatments. It is evident that within the pore size range of 0.1 to 2 um, as the pore size
decreases, the total mercury intrusion porosity significantly increases. This indicates that a
large population of pores primarily concentrated in this range occurs in the improved soils.
The total intruded void ratio of the 2% lime-improved soil is the largest, followed by the
composite-improved soil, with the 4% lime-improved soil having the smallest value. This
indicates that the composite treatment of 8% lignin fibers and 2% lime actually reduces the
porosity compared to the soil solely improved with 2% lime. A decrease in porosity also
leads to reduced hydraulic conductivity, thereby impacting the permeability of the improved
soil. This outcome is consistent with the observed reduction in hydraulic conductivity in the
composite-improved soils, as presented in Figure 17. This interpretation is corroborated by
the findings of Li and Chai [43], who reported that under various freeze—thaw cycles, the
porosity volume of fiber-lime composite-improved soils significantly diminishes relative to
that of soils treated with lime alone across different dry densities.
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Figure 18. Cumulative pore distribution curves of the improved soils with different treatments.
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As illustrated in Figure 19, the average pore diameters of the improved soils are much
smaller than that of the untreated soil. The peak values of the pore distribution curves shift
to the left, with corresponding pore sizes of 2.49, 2.46, and 2.04 um, respectively. The pore
size distribution densities at these peaks are 0.142, 0.179, and 0.218 mL/g, respectively.
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Figure 19. The pore density distribution curves of the improved soils with different treatments.

Figure 20 shows the proportions of various pores in the soils improved with the
different treatments. In comparison with the untreated soil, the macropores in the 2% lime-
improved soil and the 4% lime-improved soil increased by 17.5% and 18.1%, respectively,
whereas those in the composite-improved soil improved soil increased by only 6.5%. In the
case of the lime-treated expansive soils, the ion exchange reaction and flocculation process
of the soil particles take place, leading to the generation of aggregates and large pores.
As for the lignin fiber- and lime-improved expansive soils, the lignin fibers fill the pores,
leading to a reduction in the quantity of macropores. This result is also consistent with the
lower permeability observed in the composite-improved soil compared with that of the
lime-improved soil.
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90 | 272/ ERRONH
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Figure 20. Changes in the percentage of various pore types in the expansive soil improved by
different treatments.
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As illustrated in Figure 21, the SEM observations reveal that the content of lignin fibers
has an essential role in the microstructure of the treated samples. As for the soil treated
with 2% lime and 2% lignin fibers, a more compact microstructure can be observed (as
shown in Figure 21a), in comparison with the soil only treated with 2% lime (as shown
in Figure 21a). That is, the appearance of lignin fibers provides more junctures but less
porosity between particles. In the case of the sample treated with 2% lime and 8% lignin
fibers, as illustrated in Figure 21c, more lignin fibers form a much denser microstructure.

[
50.0pm

(b)

'
Regulus8100 5.0kV 12.2mm x1.00K LM(UL)

Figure 21. Scanning electron microscopy of composite-improved soils with different contents of
lignin fibers and 2% lime: (a) lignin fiber content of 0% (1000 times), (b) lignin fiber content of 2%
(1000 times), and (c) lignin fiber content of 8% (1000 times).

5. Conclusions

This study focuses on the mechanical properties and microstructure of the expansive
soils improved with lignin fibers and lime composites. The following conclusions can
be made:

1.  The addition of lignin fibers significantly increases the compressive strength of the
expansive soils, with an optimum fiber content of 8%. In contrast, the mixture
treatment of 8% lignin fibers and 2% lime further elevates the compressive strength of
the soil by approximately 50% compared to the soil treated with 2% lime alone.

2. Similarly, the 8% lignin fiber-treated sample presents a maximum soil cohesion of
210 kPa. As for the mixture treatment, the soil treated with a composite of 2% lime
and 8% lignin fibers has a cohesion increase of 12% compared to the soil treated with
2% lime alone.

3. The treatment with lignin fibers increased the hydraulic conductivity of the soils by in-
creasing the porosity of the soil. However, the lignin fiber- and lime composite-treated
soil shows a relatively lower hydraulic conductivity than the soil only treated with lime,
which can be attributed to the denser microstructure after the composite treatment.
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4. The microstructure investigations indicated that the treatment of lignin fibers can en-
hance the soil microstructure by creating a strong network that fills the pores between
soil particles. Furthermore, the addition of lime will improve the microstructure
through cementitious materials, which adhere to the surfaces of the fibers and form
bonds between the fibers and the soil particles. These mechanisms contribute to a
significant increase in the soil strength.

5. The use of lignin fibers and lime, either alone or in combination, can significantly
improve the hydro-mechanical properties of expansive soils. It provides an ecological
and sustainable potential method of reusing industrial byproducts in the field of
soil stabilization.

6.  Future research should include further tests such as bearing ratio and water stability
tests to enhance our understanding of soil performance under different conditions.
Additionally, exploring the variability in soil properties like water content and dry
density across different environmental settings will be crucial for applying these
findings to real-world scenarios.
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