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Abstract: Granular lateritic soil is commonly used for road construction in humid tropical and sub-
tropical regions. However, the high plastic clay content and poor particle distribution of some laterite
materials make them unsuitable for bases and subbases. Lime treatment is a widely used method for
improving problematic lateritic soil, and liquid ionic stabilizers are considered an environmentally
friendly solution for reinforcing such soils. However, using only lime or only stabilizers may not
be optimal. This study investigated the effect of treating granular lateritic soil with hydrated lime
and a new liquid stabilizer, Zhonglu-2A (ZL-2A). A series of indoor tests, including compaction,
California bearing ratio, and unconfined compressive strength tests, were conducted to evaluate the
effects of hydrated lime content and stabilizer content on the mechanical properties, mineralogical
composition, and microstructure of the soil. The results show that an increase in hydrated lime
dosage increases the optimal moisture content and decreases the maximum dry density. The CBR
of lime-stabilizer-treated laterite was at least 2-3 times higher than that of the only-lime-treated
soil. The highest CBR was observed in samples treated with 0.2%. ZL-2A stabilizer. The sample
with 6% lime and 0.2%. ZL-2A stabilizer exhibited the highest unconfined compressive strength,
and a nearly linear increase was observed between the unconfined compressive strength and CBR.
Further investigation of the stabilization mechanism using X-ray diffraction mineralogy analysis and
scanning electron microscopy revealed that the inorganic substances of the ZL-2A stabilizer and the
hydrated lime provided the basic conditions for the reaction and generated cementitious hydrates on
the clay particles. The mixture of granular lateritic soil and hydrated lime was wrapped by the ZL-2A
stabilizer, forming a complex spatial structure and improving the strength of the soil. To improve
the bearing capacity of subgrades in actual subgrade engineering, a combination of a liquid ionic
stabilizer and lime should be used to treat laterite.

Keywords: granular lateritic soil; hydrated lime; liquid stabilizer; unconfined compressive strength;
California bearing ratio

1. Introduction

Lateritic material is a type of weathered soil that forms through the concentration
of hydrated oxides of iron and aluminum, primarily in humid tropical and subtropical
regions [1,2]. Due to its low cost and the limited availability of high-quality aggregates, this
soil has gained attention as a potential local material for road construction purposes. Several
studies have investigated the mechanical performance of granular lateritic soils and lateritic
gravel, focusing on properties such as California bearing ratio (CBR), resilient modulus,
compressive strength, and tensile strength [3-8]. Although laterite is commonly used in
road construction projects [9-11], some types of laterites may not meet the requirements for
bases and subbases due to high levels of plastic clay content and poor particle distribution.
Therefore, it is necessary to improve the mechanical and physical properties of lateritic
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soil, particularly its compressive strength and CBR, in order to meet the demands of road
construction.

Lime treatment is a commonly used technique to improve the properties of problematic
lateritic soil [12-16]. The physical and mechanical characteristics of hydrated-lime-treated
soils are influenced by factors such as the quantity of hydrated lime used, the curing
time, the environmental conditions, and the testing method. Osinubi [17] investigated the
effects of quicklime content (ranging from 0% to 8%) on the compaction characteristics,
compressive strength, and permeability of fine lateritic lime soil. The results showed
that the optimum moisture content (OMC) and unconfined compressive strength (UCS)
increased with increasing lime content, while the maximum dry density decreased. Millogo
et al. [18] found that quicklime additions resulted in a reduction in the clayey fraction,
plasticity index, methylene blue value, and maximum dry density, as well as resulting in
an increase in the optimum moisture content. They recommended the use of 3% hydrated
lime-modified lateritic gravels for the base course. Eisazadeh et al. [19] used solid-state
nuclear magnetic resonance (SSNMR) and Fourier transform infrared (FTIR) spectroscopy
to investigate the time-dependent changes in the structures of lime-stabilized lateritic clays.
Tan et al. [20] reported that lime could improve the California bearing ratio (CBR) of lateritic
clay when the lateritic agglomerate size was between 0.5 mm and 2 cm, while the effect was
not significant when the size was between 1 cm and 6 cm. Ojuri et al. [21] used lime and
cement with a ratio of 1:2 to treat lateritic soil (SC by USCS classification) and identified an
LMT70-30 sample (consisting of 70% lateritic soil and 30% mine tailing) stabilized with 8%
binder as the most suitable base course material.

Several types of stabilizers have been employed to improve problematic soils [22], with
liquid ionic stabilizers being a promising environmentally friendly option [23-25]. These
stabilizers typically induce cation exchange, which can decrease the thickness of water
films and promote clay mineral flocculation, thereby altering soil particle structure [16,26].
For example, Sarkar et al. [27] treated Crowley soil with a hydrogen ion exchange chemical
and observed a 35% average reduction in swell-shrink potential compared to untreated
soil. Yunus et al. [28] reported that an 55299 soil stabilizer significantly increased the
unconfined compressive strength and shear strength of laterite soil. Gullu et al. [29] studied
a non-traditional stabilizer (synthetic fluid) used in conjunction with a geofiber to improve
the UCS characteristics of low-plasticity fine-grained soil. Zhao et al. [30] found that a
potassium-based stabilizer is effective in controlling the swelling potential of expansive
clay. The mechanism of stabilization by ionic agents likely involves cation exchange and
increases in cation concentrations in the soil pore water. Gautam et al. [31] used a liquid
ionic soil stabilizer (LISS) to treat Carrollton expansive clay and observed a 53% reduction
in swell when the soil was compacted at the optimal moisture content. Wu et al. [32]
investigated pore and compression behaviors using an ionic soil stabilizer to treat Wuhan
clay and found that it led to changes in pore direction, reductions in pore number and size,
decrease in porosity, and the formation of larger aggregates.

Numerous studies have investigated the use of lime and curing agents to stabilize
laterite. However, the efficacy of using either lime or a curing agent alone may be limited.
Furthermore, the availability of lime in certain regions may be a challenge. Nevertheless,
combining the use of lime and a curing agent can result in improved stabilization, po-
tentially allowing for a significant reduction in lime usage. Consequently, the use of a
lime-curing agent as a stabilization technology for laterite may be both cost-effective and
environmentally sustainable. However, the literature currently offers limited research on
the application of lime-curing agents for stabilizing laterite.

The purpose of this study was to examine the impact of hydrated lime and a new
liquid curing stabilizer, ZL-2A, on granular lateritic soil by performing compaction tests,
CBR tests, UCS tests, X-ray diffraction (XRD) mineralogical analysis, and SEM tests. The
results of the CBR and UCS tests for the treated granular lateritic soil are compared and
analyzed. Furthermore, the mineralogical and microstructural characteristics are discussed.
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2. Materials and Methods
2.1. Materials

The granular lateritic soils depicted in Figure 1 were collected from the PK6 Highway
in Senegal, Western Africa. These disturbed soil samples have been commonly utilized in
the construction of subgrade, base, and subbase layers for highways in Senegal. The soil’s
basic physical parameters were evaluated in accordance with the Test Methods of Soils for
Highway Engineering (JTG 3430-2020) [33]. The soil has a density of 2.8 g/cm?, a natural
water content of 4%, an optimum moisture content of 9.2%, and a maximum dry density
of 2.13 g/cm?, with a pH of 5.4. The liquid limit, plastic limit, and plasticity index of the
granular lateritic soil were found to be 38.9%, 17.6%, and 21.3%, respectively.

Figure 1. Granular lateritic soil.

Figure 2 displays the grain size distribution of the granular lateritic soil used in this
study as well as other lateritic soils utilized in other studies. The results indicate that over
70% of the laterite gravels fell in the range of 2.36 to 16 mm, with the majority of them
being in the 4.75 to 9.5 mm range (32.7%). The non-uniformity coefficient and curvature
coefficient for the lateritic soil used in this study were 9.2 and 2.3, respectively, classifying
this soil as well-graded gravel.
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Figure 2. Grain size distribution of the granular lateritic soil sample.

Table 1 presents the major chemical components of the granular lateritic soils used in
this study. The chemical components of the soil were determined using the Total Analysis
Methods of Forest Soil (GB 7873-87) [34]. This method involves decomposing the minerals
in the soil and creating a solution, after which the content of each mineral element is deter-
mined individually. The soil is composed mainly of SiO;, Al;O3, and Fe,O3, accounting for
24.650%, 19.500%, and 38.156% by weight, respectively. The silica—sesquioxide (51O, /RyO3)
ratio of 0.42 classifies this soil as a true laterite. True laterites are categorized by S/R
ratios below 1.33, while lateritic soils are between 1.33 and 2.00, and non-lateritic tropically
weathered soils are above 2.00, based on the chemical classification system.

A comprehensive review of the relevant literature suggests that no African countries
have established any regulation on the free swelling rate of laterite for their road con-
struction projects [9], indicating that the phenomenon of free swelling in laterite is not
considered a major concern in these regions. In contrast, the Brazilian specifications for
laterite road construction limit the free swelling rate of natural laterite to no more than 10%.
To investigate the free swelling behavior of natural laterite in African regions, ten samples
were carefully selected and tested according to the Brazilian specifications. As shown in
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Figure 3, the free swelling rate of natural laterite in Senegal is no more than 2.0%, which is
significantly lower than the limit of 10% specified in the Brazilian regulations. This finding
demonstrates that the expansion behavior of natural laterite in African regions is relatively
low. Given that the addition of stabilizers to laterite enhances its stability, this study will no
longer focus on the issue of laterite swelling due to water absorption.

Table 1. Chemical composition of the granular lateritic soil.

Constituent Percentage (wt.%) Constituent Percentage (wt.%)
SiO, 24.650 Na,O 0.152
Al,O3 19.500 K,O 0.094
Fep O3 38.156 P,05 0.988
CaO 0.582 TiO, 2.317
MgO 0.105 S 0.039
MnO 0.027 Other impurities 13.390

Free swell ratio (%)
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o
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8 9 10
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Figure 3. Free swell ratio of the lateritic soil.

The binders employed in this study were hydrated lime and a ZL-2A liquid ionic
stabilizer, which were procured from Liaoning Yidan Calcium Industry Co., Ltd., Shenyang,
China, and Jilin Zhonglu New Material Co., Ltd., Changchun, China, respectively. The
hydrated lime had a calcium hydroxide content of 98%. The ZL-2A liquid ionic stabilizer
was a dark red-brown liquid with an alkaline odor that could be fully dissolved in water.
Table 2 presents a summary of the pH, density, solid content, and NaOH content of the
stabilizer. The pH of the stabilizer was measured using a pH meter, while the density was
determined by measuring the weight of 100 mL of the stabilizer. The solid content was
measured through the oven-dry method, and the NaOH content was determined using
NaOH titration.

Table 2. Properties of the ZL-2A liquid ionic stabilizer.

Properties Value
pH 115
Density (g/ cm?) 1.26
Solid content (%) 33
NaOH content (%) 7.0-9.5%

2.2. Specimen Preparation

The maximum dry density and optimum water content corresponding to varying
lime content were determined through a compaction test before the preparation of the
specimen. The compaction test was conducted following the Test Methods of Soils for
Highway Engineering (JTG 3430-2020) [33]. The granular laterite soil was first oven-dried
at 60 °C for 24 h and passed through a 40 mm sieve. Distilled water was then added to
the dried soil sample and mixed thoroughly. The moist mixture was transferred into a
plastic bag and sealed for at least 24 h to ensure moisture homogeneity in the soil. For the
hydrated lime-stabilized laterite samples, the prepared moist soil was thoroughly mixed
with the designated hydrated lime. The lime content was set at 3%, 6%, and 9% (by weight)



Sustainability 2023, 15, 5601

50f18

of the dry soil, based on the research results of Osinubi [17]. The final water content for
each sample was adjusted to reach the designed value. Table 3 presents the water content
of the hydrated-lime-treated granular laterite soil for the modified Proctor test. As shown
in Table 3, the design for the compaction test involves 4 groups with different hydrated
lime content. For each group, 5 samples with different water content were prepared.

Table 3. Water content of the hydrated lime-treated soil for the modified Proctor test.

Group Number Hydrated I;:/me Content Waterlg/ontent
1 0 8.0 8.5 9.5 10.3 11.0 13.0
2 3 8.0 8.5 9.5 10.3 11.0 13.0
3 6 8.0 9.0 10.0 11.0 12.0 14.0
4 9 8.5 9.5 10.2 11.0 12.5 14.0
The preparation of soil specimens for testing followed the Test Methods of Soils for
Highway Engineering (JTG 3430-2020) [33] standard. The hydrated lime-stabilized soil
samples were prepared with a diameter of 150 mm and a height of 120 mm. A thin layer
of Vaseline was applied to the inner cylinder mold to reduce friction, and the lime-treated
soil was added to the mold and compacted 98 times in three layers. For the lime- and
stabilizer-treated soil specimens, distilled water was first added to the raw dried granular
lateritic soil sample and mixed, and then the remaining distilled water was mixed with the
ZL-2A liquid ionic stabilizer according to the manufacturer’s suggested proportions. The
stabilizer-treated soil sample was then compacted. Table 4 provides information on the test
conditions used for the hydrated lime and ZL-2A-stabilizer-treated granular lateritic soils.
The hydrated lime content was set at 3%, 6%, and 9%, while the ZL-2A stabilizer content
was O%o, 0.1 %o, 0.2%0, 0.3%0, and 0.5 %o.
Table 4. Test conditions for the hydrated lime- and agent-treated granular lateritic soils.
No Symbol Lime Content ZL-2A Stabilizer Content Dry Density Water Content
) (wt. %) (wWt.%o) (g/cm?) (wt. %)
S0 LOCO 0 0 2.134 9.1
S1 L3C0 3 0 2.120 9.5
52 L3C0.1 3 0.1 2.120 9.5
S3 L3C0.2 3 0.2 2.120 9.5
S4 L3C0.3 3 0.3 2.120 9.5
S5 L3C0.5 3 0.5 2.094 10.1
S6 L6CO 6 0 2.094 10.1
S7 L6C0.1 6 0.1 2.094 10.1
S8 L6C0.2 6 0.2 2.094 10.1
S9 L6C0.3 6 0.3 2.094 10.1
510 L6C0.5 6 0.5 2.094 10.1
S11 L9CO0 9 0 2.066 10.9
512 L9C0.1 9 0.1 2.066 10.9
513 L9C0.2 9 0.2 2.066 10.9
S14 L9C0.3 9 0.3 2.066 10.9
515 L9C0.5 9 0.5 2.066 10.9

The treated soils were compacted, then coated with a plastic membrane, and placed
in a curing chamber at a temperature of 20 & 2 °C and a humidity of 95%. The curing
duration was determined to be 7 days according to the Test Methods of Materials Stabilized
with Inorganic Binders for Highway Engineering (JTG E51-2009) [35].

2.3. Test Methods

A series of CBR tests were carried out on the samples soaked for 4 days according to
the Test Methods of Soils for Highway Engineering (JTG 3430-2020) [33]. The top surface
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of the prepared sample was subjected to a 2.0 kg surcharge ring and loaded with a force
of 45 N at a speed of 1.25 mm/min using a penetration bar. The depth of penetration was
recorded by a dynamometer dial indicator with integer readings.

The UCS test was carried out according to the test methods of materials stabilized with
inorganic binders for highway engineering (JTG E51-2009) [35]. After the curing duration,
the specimen was immersed in water for 24 h. When the surface moisture of the specimen
was air-dried, a pavement material strength tester was used with a strain rate of 1 mm/min.
The stress would keep rising until the specimen was broken, when the test was terminated,
and the maximum stress and strain were recorded. The maximum strain was the failure
strain, and the unconfined compressive strength could be determined as Formula (1):

R.=P/A, (1)

where R, is the unconfined compressive strength, MPa, P is the maximum stress, N,
and A is the sectional area of the specimen, mm?.

An XRD analysis was performed on the raw soil, hydrated lime, and treated soil
samples. An XRD (Empyrean) was employed in this study. To prepare the sample powder
for analysis, all of the samples were first passed through a 2 mm sieve, then fully ground
using a mortar, passed through a 325-mesh sieve (45 um), evenly spread on a glass plate,
and placed on the scanning table. The scanning parameters were as follows: drive shaft
1theta—2theta linkage, a scanning range of 10-70, a continuous scanning mode, a scanning
speed of 2.0000 °/min, and a sample tilt of 0.0500°. The adjustment time was 1.50 s.

SEM was used to elucidate the high-resolution microstructure of the soil. An SEM
(MERLIN Compact) with a secondary electron image resolution of 0.8 nm was employed
in this study. Prior to SEM testing, the soil sample was ground into a powder with a
mortar, and then a small amount was taken with tweezers or toothpicks and placed on the
conductive adhesive to ensure that the adhesive was firm and dust-free. The conductive
adhesive was carefully attached to the metal sheet in advance with a maximum diameter of
30 mm. The sheet metal was placed together with the sample in the box with double-sided
adhesive tape on standby to prevent shaking. Gold spraying was required for sample
preparation for approximately 15 min after vacuuming. The sample was then placed on
the platform for observation.

2.4. Flowchart

Figure 4 illustrates the methodology employed in this study. As depicted in the
figure, natural laterite specimens were prepared by mixing lime and curing agent either
separately or simultaneously. The resulting test pieces were subjected to curing and
soaking procedures, followed by testing for California bearing ratio (CBR) and unconfined
compressive strength (UCS), respectively. Subsequently, X-ray diffraction (XRD) and
scanning electron microscopy (SEM) analyses were performed on the samples.

: » ()
,,,,,,,,,,,,,,, ime C
' ‘ ~ ?‘
Tiﬁi rﬁﬂ . :
wet Iatente Static compactlon Curing (7 days)  Soaking (4 days) CBR test
oL E | ‘ l | ’
,,I,I,me,,!!qmd ,S,Tab!!!z,er,.
Dynamlc compaction Curing (7 days) Soaklng (1 day) UCS test SEM test

Figure 4. Flowchart.
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3. Results
3.1. Maximum Dry Density and Optimal Moisture

Figure 5 displays the correlation between the water content and the dry density of the
granular lateritic soil with varying lime contents. Figure 6 illustrates the impact of lime
content on the maximum dry density and the optimal moisture content of the granular
lateritic soil. The raw granular lateritic soil had an optimal moisture content of 9.2% and a
maximum dry density of 2.13 g/cm?®. Upon increasing the hydrated lime dosage to 3%,
6%, and 9%, the optimal moisture content increased to 9.5%, 10.1%, and 10.9%, respectively.
In contrast, the maximum dry density slightly decreased to 2.12, 2.10, and 2.07 g/cm?,
respectively. This trend is consistent with the findings of Osinubi [17] and Millogo et al. [18].
This is mainly due to the fact that the density of hydrated lime is lower than that of plain soil,
and the consolidation of hydrated lime addition is not evident at the beginning, resulting
in a smaller maximum dry density of the solidified soil than that of the plain soil.

2.15
—a— without lime
—e— 3% lime
210 F —a— 6% lime
—v— 3% lime

Dry density (g/cm®)
N
&

n

o

S
T

8 10 12 14
Water content (%)

1.95 L

Figure 5. Compaction curves of laterite with varying lime content.

2.14 —a— maximum dry density 11.2
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|5 ’ * {1088
2212+ A e
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g S
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g\ | 410.0 g
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>
E 208} . 196 £
3 / =3
s . . {92 °

2.06 1 1 1 1

Lime content (%)

Figure 6. Variations in the optimum moisture content and maximum dry density of laterite with the
change in lime content.

3.2. CBR

Figure 7 illustrates the CBR results obtained for both the raw and treated granular
lateritic soils. The raw soil had a CBR of 79%, which is slightly below the minimum require-
ment of 80% for low-volume roads in Africa [9] and does not satisfy the specifications for
the base and subbase of high-grade or heavy traffic highways (JTG/T F20-2015). However,
after the addition of the binder, the CBR of all treated soils increased above 80% and even
exceeded 160%, which is adequate for the base and subbase of most types of highways
in China and all types of roads in Africa. Increasing the hydrated lime dosage to 3%, 6%,
and 9% further increased the CBR to 162%, 179%, and 215%, respectively. The CBR of the
lime-treated soil was at least 2-3 times that of the untreated soil, meeting the standards
of West Africa. When the hydrated lime and ZL-2A stabilizer were added to the granular
lateritic soil, the CBR increased with the ZL-2A stabilizer content up to 0.2%. but decreased
for ZL-2A stabilizer contents above 0.2%o.
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Figure 7. CBRs of the lime- and ZL-2A-stabilizer-treated granular lateritic soils.

Figure 8 shows the swelling behavior of both the raw and treated granular lateritic
soils, with the measured swellings being below 0.06%. These values are far lower than the
10% swell requirement specified in the Brazilian general granular base specification. The
CBR results obtained in this study are superior to those reported in numerous previous
studies [14], which could be attributed to differences in the particle sizes and mineralogical
composition of the raw lateritic soil [36]. Specifically, the granular lateritic soil examined in
this study was relatively less rich in clay minerals.
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Figure 8. Swellings of lime- and ZL-2A-stabilizer-treated granular lateritic soils.

3.3. UCS

Figure 9 depicts a representative unconfined compression strength (UCS) test con-
ducted on the treated granular lateritic soil. During the loading process, dilation deforma-
tion and vertical cracks were observed in the middle of the soil sample, as evidenced by
Figure 9b. As the vertical displacement increased, the sample ultimately failed, causing
the soil aggregates to drop. This phenomenon may be attributed to the predominance
of calcium ion exchange reactions occurring on the surface of the granular lateritic soil
particles, rather than within the lateritic clay soil [36].

Figure 10 depicts the stress—strain characteristics of the raw and treated granular
lateritic soils. All of the stress—strain relationships exhibit strain-softening behavior under
unconfining pressure conditions, with the stress—strain curve featuring three distinct stages:
an initial slow hardening stage, a rapid linear increase stage, and a rapid drop stage. The
lime-treated soils exhibit stress—strain relationships that are similar to one another, while
the lime and ZL-2A-stabilized soils show differences in their stress—strain relationships,
particularly with respect to their strain responses. This suggests that the addition of
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the ZL-2A stabilizer improves the soil’s resilience ability and makes it more resistant to
deformation when compared to lime-treated lateritic soil.

Figure 9. UCS test (S5): (a) early stage of loading; (b) mid stage of loading; (c) end of loading.
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Figure 10. Stress—strain curves for the lime- and ZL-2A-stabilizer-treated granular lateritic soils:
(a) 3% lime + ZL-2A stabilizer; (b) 6% lime + ZL-2A stabilizer; and (c) 9% lime + ZL-2A stabilizer.

As indicated in Figure 10a—c, when the 0.1%. stabilizer was blended with the 3%, 6%,
and 9% lime soils, the stress—strain curves displayed a slow-stage relationship, although
the peak strain increased. The addition of the 0.2%. stabilizer to the lime-treated soils
caused a rapid increase in peak stress and a significant reduction in breaking strain; partic-
ularly for S8, which contained 0.2%. stabilizer and 6% lime. For samples with stabilizer
dosages of 0.3%0 and 0.5%o, the failure strains were smaller than those for samples with the
0.2%o stabilizer.

Figure 11 presents the results of the UCS tests and the failure strains of the stabilized
granular lateritic soils. The UCSs of the raw and treated soils were evaluated, and the
stabilizer’s effects on the UCS were analyzed. As depicted in Figure 11a, the UCS of S1,
56, and S11 decreased from 403 to 326 kPa with an increase in lime dosage from 3% to
9%. However, the UCS increased for all samples when the ZL-2A stabilizer was added
to the lime lateritic soil, with contents ranging from 0.1 %o to 0.5%o. Specifically, when the
stabilizer content increased from 0.1 %o to 0.2%., the UCS increased significantly for lime
contents of 3%, 6%, and 9%. Nevertheless, the UCS decreased when the stabilizer content
further increased to 0.5%o, except for S8, 513, and S3, which exhibited higher UCSs than the
other samples.

Moreover, the addition of the stabilizer to the lime mixtures enhanced the failure
strain by three to four times, as depicted in Figure 11b. The only-lime-treated lateritic
soils exhibited smaller failure strains than those of the other samples, ranging from 1.20%
to 1.44% for lime contents of 3%, 6%, and 9%. Conversely, the failure strain increased
significantly to 5.8%, 5.5%, and 3.9% for the stabilizer content of 0.3%. at lime contents of
3%, 6%, and 9%, respectively. However, the failure strain tended to decrease gradually with
the increase in stabilizer content from 0.1%o to 0.5%., except for S4 and S9 with a stabilizer
content of 0.3%o. These results indicate that the addition of the ZL-2A stabilizer significantly
improved the UCS and failure strain of the stabilized granular lateritic soils, and the optimal
stabilizer content could be determined based on the specific lime content used.

Figure 12 presents the test results of the 7-day UCS versus the CBR of the lime- and
ZL-2A-stabilizer-treated granular lateritic soils. As shown in Figure 12, in general, CBR
increases linearly with increasing 7-day UCS, which is in agreement with the linearly
increasing relationship of the only-lime-treated soils or lateritic soils treated together with
other binders [18,21,37]. Notably, with lower 7-day UCS, the CBR in this study is much
higher than in other studies, indicating that lime- and ZL-2A-stabilizer-treated granular
lateritic soils possess better stability against soaking.
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Figure 11. UCSs and failure strains of the lime- and ZL-2A-stabilizer-treated granular lateritic soils:
(a) UCSs and (b) failure strain.
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Figure 12. Relationship between the CBR and UCS [18,21,37].

4. Discussion
4.1. Mineralogical Characterization

Figure 13 shows an FTIR spectrum of the ZL-2A liquid stabilizer. The stabilizer
consists of the OH hydroxyl group (3363.55 cm 1), carbonyl C=0 (1639.44 cm~!), amino
NH;, and hydrocarbon C-H. The main chemical component is NaOH, which can provide
an alkaline reaction environment to change the surface charge distribution of the soil and
facilitate the condensation reaction of clay particles in the soil. The hydroxyl groups that
are hydrophilic and other functional groups that are hydrophobic form a hydrogen bond
between the condensed molecules, and thus the interface state of the solution system
changes significantly, and the thickness of the double electric layer is reduced, which
provides an appropriate reaction environment during the curing [25,38].

Figure 14 shows the XRD patterns of the raw granular lateritic soil, hydrated lime,
and treated soil with crystallite characteristics. The XRD patterns of the hydrated-lime-
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treated lateritic soil show the presence of peaks at 18.4°, 34.1°, and 50.4°, which are the
characteristic peaks of Ca(OH); [39]. The intensity of these peaks increased with the
increasing lime content in the soil mixture. The XRD pattern of the soil treated with 6% lime
and 0.2%o stabilizer showed similar peaks to the hydrated-lime-treated soil, indicating that
the stabilizer did not significantly affect the mineral composition of the soil. However, the
intensity of the Ca(OH), peaks was slightly reduced compared to the hydrated-lime-treated
soil, which may be due to the fact that some of the Ca(OH), was consumed during the
stabilizing process [40]. The XRD patterns showed that small amounts of calcium carbonate,
tricalcium silicate, tricalcium aluminate, and other cementitious minerals were formed.

Overall, the XRD analysis suggests that the stabilization mechanism of the ZL-2A stabilizer
is mainly physical rather than chemical.

100 -0-H\-C-H(BV)

SRS
3 __—1639.44
< C=0\NH>(SV)
£ 5o | 336355 996.1
£ r /
2 -0-H(SV) -C-H(OPBV)
=
251 SV-Stretching vibration
BV-Bending vibration
OPBV-Out-of-plane bending vibration
0 1 1 1 1
4000 3200 2400 1600 800

Wave number (cm™)

Figure 13. Infrared spectrum of the ZL-2A stabilizer.
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Figure 14. XRD patterns of the stabilized soils.
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4.2. SEM Image Characterization

Figure 15 shows SEM images of the raw granular lateritic soil, hydrate lime, and ZL-2A
stabilizer. Quartz and kaolinite were observed in the lateritic soil, which is consistent with
previous research [41], and numerous calcium crystals were observed in the lime sample.
The dehydrated ZL-2A stabilizer resembled a pile ball and had numerous cilia on its surface,
which is a mixture of high-molecular-weight organic matter and inorganic matter such as
sodium hydroxide. Macromolecular organic compounds contain hydrogen bonds that are
similar to those of amides, which have a high association ability [42], high polarity, and
large intermolecular forces. Therefore, it can dissolve various inorganic substances and
accelerate the reaction.

Figure 15. SEM images of the raw granular lateritic soil, hydrated lime, and ZL-2A stabilizer:
(a) lateritic soils (x1000); (b) lateritic soil (x20,000); (c) hydrated lime (x5000); (d) hydrated lime
(x10,000); (e) ZL-2A stabilizer (x1000); and (f) ZL-2A stabilizer (x5000).

Figure 16 shows an SEM image of the stabilized soil with the hydrated lime cured for
7 days. The large numbers of micropores and microcracks and some unreacted hydrated
lime crystals adsorb clay particles. When the wet granular lateritic soil was mixed with
the hydrated lime, the Ca?* ions released from the calcium hydroxide were adsorbed by
ion exchange at the clay mineral surface, demonstrating that the kaolinite could adsorb
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calcium [43]. The diffuse hydrous double layer surrounding the clay particles can be
modified by the Ca?* ion exchange process, resulting in flocculation-agglomeration of clay
particles among the granular lateritic particles [44]. These modifications of clay particles
could enhance the interaction strength of granular lateritic particles through hydrated lime
addition and improve the CBR and UCS of the soil. In addition, larger numbers of Ca®*
and OH™ are produced by the hydrated lime, which increases the pH of the solution and
destroys silicate minerals in clay particles, destroying the micromorphology of the clay.
Ca?* in the hydrated lime and SiO32~ produced by silicate minerals in the clay combine
to form a C-5-H product, i.e., the cluster-like particles observed in Figure 16b. Excessive
hydrated lime decreases the strength of the solidified soil. Lots of hydrated lime crystals
are observed in the electron microscopy image. The resulting microcracks are shown in
Figure 16a.

(b)

Figure 16. SEM images of the hydrated lime soil at different magnifications: (a) hydrated lime soil
(x3000) and (b) hydrated lime soil (x5000).

Figure 17 shows an SEM image of the stabilized soil with the hydrated lime and
ZL-2A stabilizer. The surface of the soil became rougher, and the distribution of the surface
charge changed, which was beneficial for the reaction between the hydrated lime and clay
particles. The gel materials in the ZL-2A stabilizer produced various underwater chemical
reactions to form gelatinous hydrates, such as calcium silicate hydrate, calcium aluminate
hydrate, and calcium hydroxide, which encircle soil particles (Figure 17¢c,d). Some of these
hydrides continued to harden to form a skeleton and some reacted with soil particles to
form a complex and finally connected with each other to form a stable spatial network
structure (Figure 17a,b). The crystals are needle-like and are interlaced with soil aggregates
(Figure 17e,f), which is similar to the effect of a connection between reinforcement and
concrete, i.e., “micro-reinforcement”, which improves the strength of the solidified soil,
thus enhancing the bond strength and stability between soil particles.

(@) (b)

Figure 17. Cont.
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(e) (f)

Figure 17. SEM images of hydrated lime + ZL-2A stabilizer + soil at different magnifications:
(a) x2000; (b) x10,000; () x10,000; (d) x20,000; (e) x20,000; and (f) x50,000.

4.3. Mechanisms of Hydrated-Lime—Liquid-Stabilizer-Treated Laterite

The ion exchange between the calcium ions electrolyzed from hydrated lime and the
cations in the laterite enhances the attraction between the soil particles. The calcium silicate
and calcium aluminate produced by the reaction of hydrated lime with quartz, alumina,
and calcium feldspar in laterite, and the hydrated calcium silicate and hydrated calcium
aluminate produced by their further hydration reaction [45,46], all have strong cementing
properties, which can bond the soil particles together and form a stable structure. Hence, the
strength, stability, and bearing capacity of treated soil obtain a long-term improvement [47].
The liquid stabilizer can promote the hydration reaction. The sodium hydroxide contained
in the liquid stabilizer could provide an alkaline environment, which could cause the change
of charge distribution on the surfaces of soils, resulting in a decrease in the thickness of
the electric double layer, hence benefitting the chemical reactions. Moreover, more bound
water became free water with the decreasing force adsorbing water molecules induced by
the ion exchange between the laterite and the liquid stabilizer, thus providing more water
for the hydration reaction.

5. Conclusions

In this study, a series of indoor tests, including the compaction test, CBR test, and
unconfined compressive strength test, were conducted to investigate the effects of lime
and a stabilizer on laterite. In addition, the mineral composition and microstructure of
stabilized laterite were analyzed using XRD and SEM tests to explore the mechanisms of
stabilization. Based on the results, the following conclusions can be drawn:

(1) The lime-stabilized laterite exhibited a CBR value of more than 160%, while the
lime-liquid-stabilizer-stabilized laterite exhibited a CBR value of more than 250%,
indicating that the liquid stabilizer effectively enhances the stabilization effect of
lime on natural laterite. The unconfined compressive strength of the lime-liquid-
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stabilizer-stabilized laterite was at most twice that of the lime-stabilized laterite. The
lime-liquid-stabilizer-stabilized laterite can be used at all layers of various subgrades.

(2) Excessive lime and liquid stabilizer may lead to a reduction in CBR and UCS. For
the laterite studied in this work, the optimum stabilization effect was achieved with
a combination of 6% lime and 0.2 %. liquid stabilizer. In practical engineering, it is
necessary to determine the optimum dosage of lime and stabilizer.

(3) There is an approximately linear relationship between the CBR value and the UCS
value of the stabilized laterite. Additionally, when the UCS value is far lower than
that of the lime-stabilized laterite, the corresponding CBR value is almost three times
that reported in the literature. These results suggest that the liquid stabilizer greatly
improves the water stability of the treated laterite, demonstrating the feasibility of
using a curing agent—lime—to stabilize laterite in humid Africa.

(4) Lime hydration results in an exchange between calcium ions and the cations in laterite,
increasing the attraction between soil particles. Moreover, hydrated calcium silicate
and hydrated calcium aluminate, formed by the further reaction of hydrated lime and
laterite, cement soil particles together to form a stable structure. The liquid stabilizer
promotes the chemical reaction between lime and soil by reducing the thickness of
the double electric layer of soil particles and further improves the strength of the soil
by wrapping the mixture of the granular lateritic soil and hydrated lime.
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