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Chlorine saline soil has adverse engineering geology such as dissolution, collapse, and pulping, the recycling of saline soil in
subgrade treatment is of great research significance. First, the unconfined compressive strength (UCS) test was conducted using an
orthogonal test design, and the optimal ratios of salt content, cement content, lime content, fiber content, and fiber length were
determined. Second, the cyclic loading (CL) test was conducted using an orthogonal test design, and the influence of five factors,
including freeze—thaw (FT) times, CL times, stress level (SL), amplitude, and frequency, on peak intensity, peak strain, and
cumulative strain under FT cycles and natural air-drying (A-D) conditions were determined. Finally, the improvement mechanism
of the above inorganic materials was microscopically analyzed by scanning electron microscope-energy dispersive spectrometer
and X-ray diffraction tests. The UCS test results show that the improving effect of the optimal ratio for chlorine saline soil was best
when the optimal ratio values were 3% (salt content), 8% (cement content), 12% (lime content), 0.2% (fiber content), and 18 mm
(fiber length). CL test results show that with the increase in natural A-D time, it was found that the FT number and SL have
significant effects on the strength, the number of FT times and cycle times have significant effects on the deformation, and the
frequency and cycle times have significant effects on the cumulative deformation. From the microstructure analysis, the improve-
ment mechanism is mainly the filling of pores and linking particles by water-hard gels and gas rigid gels to make the microstructure
dense, effectively reduce pores, and effectively improve the engineering characteristics of chlorine saline soil. The results of this
study provide a scientific basis for the engineering design of subgrade in arid areas and the in situ recycling of saline soil.

1. Introduction

The arid climate, sparse rain, high evaporation rate, and low-
lying topography of the southern Xinjiang region have led to
the formation of vast tracts of saline soil. Under the conditions
of the natural environment, the migration of water and salt in
saline soil and its consequent unfavorable engineering geologi-
cal characteristics have significantly impacted the reliable and
stable functioning of engineering facilities [1, 2]. As such,
research on the improved recycling of saline soil and the physi-
cal and mechanical characteristics of improved saline soil

under different environmental conditions has considerable the-
oretical significance and engineering application value in the
practice of traffic engineering construction.

At present, numerous scholars have reported notable results
on the improvement of various types of soil. Rajasekaran [3]
investigated the treatment method of calcareous aluminite lime
to treat clays and suggested that stabilization techniques should
be used with caution in sulfate-rich clays. Cheng et al. [4]
explored the solidification of chlorine saline soil of slag and
found that sodium chloride was the main cause affecting the
strength of slag solidified chlorine saline soil. The relationship
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between strength increase and chlorine content was also identi-
fied. Shen et al. [5] proposed a composite slag curing agent
composed of slag, quicklime, water glass, and gypsum powder.
Liu et al. [6] proposed a method for curing coastal saline soil
with slag composite cementitious material as curing agent. Qin
etal. [7] investigated the effects of lime-lime ratio, lime content,
age, compression degree, and salt content on the compressive
strength of solidified coastal saline soil. Liu [8] conducted
research on the strength deformation and microstructure of
improved soil of slag cementitious materials. Zhu et al. [9]
proposed a new water-based polymer that can improve the
strength, water stability, and dry—wet cycle resistance of saline
soil. After studying the freeze—thaw (FT) resistance of stable
sulfate saline soil, Zhou et al. [10] proposed that a high propor-
tion of stabilizers can improve the FT resistance of stable soil.
Zhang et al. [11] employed polypropylene fiber to reinforce red
clay and investigate its strength and failure characteristics.
Under different fiber contents, lime contents, and fiber strength
conditions, Wang [12] explored the curing effect of saline soil
and proposed the optimal lime—fiber ratio. Yu and Sun [13]
studied the composite improvement of saline soil with lime
cement based on the compressive strength of unconfined satu-
rated water and recommended the improvement scheme of 5%
lime + 3% cement considering the strength and economy. LU
et al. [14-16] heated and modified water glass, and the effect of
modified water glass, lime, and fly ash was improved by means
of strength, X-ray, scanning electron microscope (SEM), and
nuclear magnetic resonance testing. Xing et al. [17] investigated
the effect of alkali activation on the mechanical properties of
saline soil, and Ca(OH), and NaOH as alkaline activators were
found to significantly improve the unconfined compressive
strength (UCS) of saline soil. Wang et al. [18] investigated the
effect of alkali-activated steel slag on the mechanical properties
of saline soil, and the compressive strength of the soil was found
to be significantly improved when the incorporation amount of
alkali-activated steel slag exceeded 15%. Chai et al. [19-23]
explored the effect of salt content on the strength, compaction,
and microstructure of lime-solidified coastal saline soil, and
proposed the optimal ratio of lime, fly ash, and modified poly
(vinyl alcohol) (SH) solid soil agent to solidify coastal saline soil.
Wei et al. [24] conducted macroscopic mechanical testing and
microscopic analyses on six kinds of stable soils, and the results
showed that lime, cement, fly ash, and SH agent could improve
the mechanical properties of saline soils. In particular, the
strength of SH-stabilized soils was significantly increased after
immersion. The described research results reveal the improve-
ment effect and solidification mechanism of various curing
agents on soil, but the focus of most research has been on the
reinforcement of sulfate saline soil, in addition to the improve-
ment of chlorine saline soil in coastal areas. At present, most of
the research results on the reinforcement of chlorine saline soil
in arid areas concern superchlorine saline soil. Wang et al. [25]
conducted a study exploring the utilization of a chlorine saline
soil sand fixation scheme in arid regions. In cases where the
chloride ion content was high, water glass was utilized as a
curing agent to enhance the sand fixation efficacy. Wang et al.
[26] took the superchlorinated saline soil of Charkhan Salt Lake
as the research object and used portland cement to improve the
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FiGure 1: Site sampling location.

superchlorinated saline soil. The test results show that a 15%
cement content was the optimal mixing ratio for enhancing the
properties of the improved Charkhan superchlorine saline soil.
Wang et al. [27] used recycled powder, fly ash, and cement to
solidify the strength characteristics, microscopic mechanism,
and curing mechanism of superchlorine saline soil. Sun et al.
[28] took superchlorine saline soil in extremely arid desert areas
as the research object, and water glass as the curing agent, when
the concentration of water glass was 16% and the content was
18%, the sample strength could reach over 1 MPa. In summary,
the existing research results regarding the reinforcement of
chlorine saline soil in arid regions are primarily focused on
addressing the unique circumstances associated with high
salinity content. For saline soils with medium chlorine saline
soil in arid areas, the aforementioned improved saline soil
scheme needs to be further optimized, and there is a need
to verify the adaptability and effectiveness of improved saline
soil schemes under complex conditions.

In arid areas with saline soil, using local materials instead of
transporting subgrade filler from elsewhere can save construc-
tion costs and time. In the present study, based on the described
research results, inorganic materials such as cement, lime, water
glass, and fiber were used to improve saline soil, and the optimal
improvement ratio suitable for the reinforcement of chlorine
saline soil in arid areas was proposed. Further investigated the
adaptability and effectiveness of the improved saline soil under
diverse and complex conditions, including arid environments,
FT environments, and cyclic loading (CL). In addition, micro-
scopic analysis was utilized to gain further insight into the
improvement mechanism of the optimal mixing ratio. This
paper aims to propose an optimal improved ratio for the treat-
ment of chlorine saline soil in arid areas, reveal its micro-
improvement mechanism, and provide a theoretical basis for
the feasibility of using in situ saline soil to treat subgrade.

2. Test Procedure

2.1. Soil Sample Selection. The soil samples for testing were
taken from a certain section from Kashgar to Artush
(39°3927"N, 76°6'48"E), and the on-site sampling points are
shown in Figure 1. According to the Standard for Geotechnical
Testing Methods (GB/T 50123-2019) [29], the liquid limit of soil
sample is 29%, the plastic limit is 20%, the plasticity index is 9,
and the liquid index is 0.54. A plastic chart of the saline soil is
shown in Figure 2. A light compaction test was conducted, with
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FiGURE 2: Plasticity chart of saline soil.

TasLE 1: Soluble salt content of soil samples.

Ton content (%)

Depth (m) Total content (%)

SO cl'- Na'*
0.1 0.391 4.892 2.931 8.651
0.4 0.38 2.375 1.188 4452
0.7 0.391 1.794 0.999 3.556
1.0 0.377 1.531 0.993 3.122

the maximum dry density being 1.66 g/cm” and the optimal water
content being 19.9%. Chemical analysis provided information on
the soil ion content at a depth of 1 m, as shown in Table 1. The
surface saline soil had a total salt content of 8.651%, consisting of
a $O,%~ content of 0.391% and a CI™ content of 4.892%. The Cl~
to SO, ratio was 12.51, which exceeds 3. The weighted average
salt content within the 1-m range was 4.2%, indicating that the
soil belonged to the category of medium chlorine saline soil.

Using the Bettersize2600 laser particle size instrument, the
particle size distribution of saline soil was determined using
the dry method. The particle size distribution curve is shown
in Figure 3. The particles exhibited a specific surface area
of 0.5719m*/g, with an average surface area diameter of
3.887 um and an average volume diameter of 22.74 yum. The
particle size distribution was characterized by Do = 1.332 ym,
D3,=5.027 um, and Dgy=20.55 um. The coefficient of uni-
formity (C,) was 13.317, while the coefficient of curvature
(C.) was 0.692. Based on the aforementioned test results
and the plastic chart of saline soil (see Figure 2), the soil could
be categorized as a poorly graded clayey silt.

2.2. Test Materials. The test materials included: plain soil,
sodium chloride, cement, lime, water glass, and polypropylene
fiber. The specific parameters for each material were as follows:

(1) Plain soil: the salt in the saline soil was washed until
the salt content met the requirements specified in the
Standard for Geotechnical Testing Methods (GB/T
50123-2019) [29].

(2) Sodium chloride: powdered anhydrous sodium chlo-
ride was used. The grade was analytical pure, and the
effective NaCl content was not less than 99.5%.

(3) Lime: quicklime powder was used. The effective cal-
cium oxide and magnesium oxide content was 60%.

(4) Water glass: in the tests conducted, the water glass
liquid had a chemical formula of Na,O-nSiO,, with
silica (SiO,) constituting 28.1% and sodium oxide
(Na,O) comprising 9% of its composition. The mod-
ulus of water glass was 3.12, its concentration ranged
from 39° to 40° B¢, and its density was 1.394 g/ml.
The water glass used in the tests was diluted with
distilled water in a 1:1 ratio.

(5) Polypropylene fiber: the fiber utilized in the tests was
a bundled monofilament type, with a diameter rang-
ing from 18 to 48 ym and a specific gravity of 0.91. Its
tensile strength was greater than 458 MPa, with an
elastic modulus greater than 3.5 GPa and a tensile
limit greater than 150%. In addition, it exhibited
high resistance to acid and alkali and was able to
withstand low temperatures. The appropriate selec-
tion of fiber type, length, and content significantly
improves the UCS of soil [30-32]. The physical and
mechanical properties, size (length, diameter), and
deviation of the polypropylene fiber selected in this
study meet the requirements of the Fiber for Cement
Concrete in Highway (JT/T 524-2019) standard [33].

(6) Cement: P-O42.5 grade ordinary portland cement
was utilized in the tests, which had a main chemical
composition consisting of 57.99% CaO, 24.23% SiO,,
6.11% Al,Os, 2.71% SOs, 2.69% Fe,Os, and 2.45%
MgO. The specific surface area of the cement was
not less than 300 m*/kg, the initial setting time was
greater than 3 hr, the final setting time was greater
than 6hr, and less than 10hr. The compressive
strengths of 3 and 28 days were not less than 16
and 42.5 MPa, respectively. Good frost resistance,
less shrinkage. As an inorganic stabilizer, the cement
meets the execution requirements for the use of
cement stabilizer in the current Technical Guidelines
for the Construction of Highway Roadbases (JTG/T
F20-2015) [34].

2.3. Test Methods. Inorganic materials such as cement, lime,
water glass, and polypropylene fiber were selected as curing
agents to improve saline soil, and the curing effect and
mechanism of inorganic materials combined with improved
chlorine saline soil were explored. The experiment process
involved the following:

(1) Unconfined compressive strength testing (UCS testing).
A 250D microcomputer-controlled testing machine was
used for UCS testing, with a loading rate of 1 mm/min.
Wei et al. [35], Xing et al. [36], and Yu et al. [37] con-
ducted studies aimed at enhancing the engineering char-
acteristics of coastal chlorine saline soil through the use
of inorganic materials such as lime (with a content
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TasLE 2: Orthogonal tests.
30 o
Level A (%) B (%) C (%) D (%) D (mm)
1 1 2 3 0.1 9
20
2 3 4 6 0.2 12 %)
3 5 6 9 0.3 15 3;
4 7 8 12 0.4 18 5 104
<
2
ranging from 6% to 14%), cement (with a content rang-
ing from 0% to 9%), and fiber (with a length ranging "
from 6 to 31 mm and a content ranging from 0% to -
0.3%). Based on the aforementioned research results,
a five-factor four-level L,5(4°) orthogonal test was -20 T T T T T T

designed. Five factors were selected, namely salt content
(A), cement content (B), lime content (C), fiber content
(D), and fiber length (E). Three samples were taken and
the average was calculated as the test result for that
group. Through analysis of the test results, the optimal
combination of strength for the inorganic materials
combined with the improved saline soil was determined.
The orthogonal design utilized in the tests is presented in
Table 2.

(2) Freeze—thaw testing (F-T testing). According to the

optimal combination of strength obtained by the
UCS testing, samples were prepared and cured for
28 days under standard conditions. The surface mois-
ture was wiped after curing and sealed with plastic
wrap to prevent the water from evaporating, before
being immediately placed in a FT cycle test box. The
tests were conducted in a TMS 9018-800 frost heave/
FT cycle test chamber. The samples were subjected to
FT cycles for 0, 2, 4, and 6 times. The FT cycle was

11/6/29 11/12/26 12/6/23 12/12/20 13/6/18 13/12/15
Time (days)
— 0°C
—— Actual temperature (°C)

—— Average temperatures in
12,1,2and 6, 7, 8 (°C)
—— Test input temperature (°C)

FIGURE 4: Changes in atmospheric temperature for three consecutive
years.

temperature data for three consecutive years, the aver-
age atmospheric temperature in June, July, and August
was 25.11-26.12°C. The average atmospheric temper-
ature in December, January, and February was —2.14
to —5.48°C. In winter, the low temperature was found
to fluctuate greatly, with a low temperature of —14.5°C,
and many extreme adverse climates were identified, as
shown in Figure 4.

Considering the extremely unfavorable climate, the F-T

24 hr, including 12 hr of freeze and 12 hr of thawing.
According to the temperature data of the local climate
station, through the analysis of the local atmospheric

testing was controlled at —15°C at low temperature and 25°C
at high temperature. In the tests, the temperature of the
environmental chamber was first adjusted to 5°C, and then
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TasLe 3: Cyclic loading orthogonal test protocol.
Level FT (n) CL (n) SL (%) LA (%) LF (Hz)
1 0 1,000 40 5 0.1
2 2 2,000 50 10 0.2
3 4 3,000 60 15 0.5
4 6 4,000 70 20 1

the FT cycle was performed. The temperature during the FT
cycles was controlled based on a sine wave equation, which
can be denoted as follows:

. 5 t, € (0,24] 1
“ ] 20sin (7x/12) +5 t, € (24,168]

where T, is the actual input temperature (°C) and f, is the
temperature control time (hr).

(3) Natural air-drying (A-D). Following the 0, 2, 4, and 6
FT tests, the samples were then placed under 30 £ 2°C
conditions and allowed to naturally A-D for 0, 7, 14,
and 28 days. The samples were utilized in the UCS
and CL tests.

(4) Cydlic loading testing (C-L testing). First, the UCS
tests were conducted on the samples that were sub-
jected to different FT times and natural A-D days.
Based on the aforementioned UCS test results, the
initial stress level (SL) and CL amplitude of CL were
determined. The test loading step was controlled by
the RMT-301’s own load CL system, using a sine wave
waveform. The loading mode is shown in Figure 5.
Second, the five-factor four-level L;4(4°) orthogonal
test was used, and five factors such as FT times, CL
times, SL, loading amplitude (LA), and loading

frequency (LF) were selected. The orthogonal test
design is shown in Table 3.

(5) SEM-EDS (energy dispersive spectrometer) and X-ray
diffraction (XRD) testing. Using the Phenom ProX
electron microscopy integrated machine, the fractures
of the damaged samples taken from the test were
scanned at a magnification of 4,000 times, and EDS
analysis was performed. The structural morphology,
particle arrangement characteristics, and contact mode
of the improved saline soil samples were analyzed. The
main components and percentage content of hydration
products were obtained using the Bruker D8 Advance
X-ray diffractometer.

2.4. Sample Preparation. The samples were made in accor-
dance with the Standard for Geotechnical Testing Methods
(GB/T 50123-2019) [29]. According to the optimal water con-
tent, maximum dry density, and design ratio (see Table 2), the
amounts of plain soil, cement, lime, water glass, and anhy-
drous sodium chloride required for each specimen were cal-
culated. According to the calculation results of the materials,
each material was weighed and mixed evenly, and then the
mixture was formed by spraying the test water glass. With a
dry density of 1.66 g/cm® as the control standard, a cylindrical
specimen with a compaction degree of 96% was quickly made
by bidirectional static compaction method, and a stable pres-
sure was maintained for 3 min to reduce the rebound of the
soil sample.

(1) UCS test samples. The samples were prepared accord-
ing to the orthogonal test requirements of Table 1.
Cylindrical samples with a diameter of 50 mm and a
height of 50 mm were made, with a total of 16 groups
of 48 samples. After being formed, the samples were
cured for 28 days under standard conditions (temper-
ature of 20 &= 2°C, humidity of 95%). On the last day,
the samples were immersed in water for 24 hr, and
then the UCS testing was conducted.

(2) C-Ltest samples. The samples were prepared according
to the optimal combination of strength obtained by the
orthogonal test in Table 1. Cylindrical samples with a
diameter of 50 mm and a height of 100 mm were made,
with 20 groups of 240 samples. After being formed, the
samples were cured for 28 days under standard condi-
tions (temperature of 20 & 2°C, humidity of 95%), and
then FT cycle testing was conducted.

(3) SEM-EDM test samples. SEM test samples were
taken from different typical parts of the failure frac-
ture of the specimen. Three sections were taken at the
top, middle, and lower positions of the failure sam-
ples with a size of about 10 X 10 mm. Sections were
subjected to vacuum sputtering gold spraying before
testing, using Phenom ProX and applying the accom-
panying EDS to selected representative areas.

(4) XRD test samples. The XRD test samples were taken
from the broken samples of UCS tests that solidified
28 days, and grounded into a powder. The XRD
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pattern analysis was conducted using a Bruker D8
Advance X-ray diffractometer.

3. Test Results and Analysis

3.1. UCS Testing. According to the orthogonal test design
(see Table 2), the results of the UCS tests of each group of
samples at the age of 28 days are shown in Figure 6.

Table 4 is the range analysis table of evaluation indica-
tors, where K; (i=1,2...) represents the sum of the test
results at the 7 level of a factor, and K; represents its mean
value. R is the range value. Under the condition of 28 days of
curing period, the degree of influence of the five factors on
the compressive strength was analyzed based on the range
difference. A larger R value indicates a greater influence of
the corresponding test factors on the test results, while a
smaller R value indicates a lower degree of influence. Based
on the results of the UCS test, the five factors were found to
influence the compressive strength of the 28-day-old speci-
men in the following order: cement content, salt content,
fiber length, fiber content, and lime. Using compressive
strength as the evaluation standard, the optimal combination
of each factor was determined. The results indicate that the
optimal combination was A,B,C,D,E,, corresponding to a
salt content of 3%, cement content of 8%, lime content of
12%, fiber content of 0.2%, and a fiber length of 18 mm. This
combination is suitable for the treatment of medium saline
soils, according to the engineering classification of saline
soils.

3.2. C-L Testing. The samples were prepared based on the
optimal combination ratio of strength and were subjected to
FT cycles of 0, 2, 4, and 6 times. The samples were then
naturally A-D for 0, 7, 14, and 28 days, and underwent
UCS testing. The test results are presented in Table 5.

As shown in Figure 7, under the same natural A-D days, the
water inside the soil sample underwent frost heaving and thaw-
ing contraction as the number of FT cycles increased. Such a
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TaBLE 4: Range analysis results of strength.

K; A (%) B (%) C (%) D (%) E (%)
K; 4.940 3.485 4.605 4.388 4.375
K, 5.277 4.228 4.642 4.870 4813
K3 4.742 5.155 4.615 4.558 4.565
K, 3.683 5.775 4.780 4.827 4.890
R 1.594 2.290 0.175 0.482 0.515

TasLE 5: UCS test results.

UCS (MPa)

E-T times (n) A-D for A-D for A-D for A-D for

0 days 7 days 14 days 28 days
0 2.35 3.21 4.09 3.92
2 1.85 2.25 3.50 3.02
4 1.67 1.86 3.42 2.72
6 1.59 1.74 3.33 2.65

process damaged the internal skeleton of the soil body, result-
ing in an increase in the internal pores of the sample. As a
result, the UCS of the sample gradually decreased. As shown
in Figure 8, under the same number of FT cycles, the UCS of
the soil sample increased with an increase in the number of
natural A-D days. Such findings could be attributed to the
evaporation of internal water from the soil sample as it dried,
causing the soil to lose water. As the water content decreased,
the salt gradually crystallized and precipitated, filling the soil
pores. This resulted in an increase in the UCS of the soil sample.
When the soil samples were further dried naturally, part of the
salt migrated under the action of capillary water and evapora-
tion, and accumulated on the surface of the samples. On the
other hand, the salt expansion phenomenon caused shedding
and surface destruction of the samples, and the migration of
water and salt generated certain pores in the soil, resulting in
the reduction of the UCS of the sample, and the whole process
exhibited a trend of first increasing and then decreasing.

The selected typical stress—strain curve of C-L testing is
presented in Figure 9. As the number of natural A-D days
increased, both the peak strength and peak strain of the
sample increased to varying degrees. After the stress of the
improved saline soil exceeded the peak, the high compressive
strength value could still be maintained, and the distribution
of fibers in the sample was found to be conducive to the
improvement of compressive strength to a certain extent.
The addition of fiber not only improved the strength of the
sample but also enhanced the deformation performance
(38, 39].

According to the results of the CL test of the improved
saline soil, the peak strength, peak strain, and cumulative
strain values of each group of samples under different test
conditions were obtained, as shown in Table 6.

Figure 10 demonstrates that, under the same number of
FT cycles, the peak intensity of the CL test corresponding to
groups 2, 4, 5, 7, 10, and 13 showed an overall trend of first
increasing and then decreasing as the number of natural A-D
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FIGURE 8: Relationship curve between natural air-drying days and
intensity.

days increased. The corresponding stress groups were found
to be 70% and 50%, respectively. When the SL was 70%, the
CL strength initially increased and then decreased, indicating
that the SL had a greater influence on the CL strength of the
samples than the number of FT cycles or natural A-D times.
In other cases, the CL strength basically increased first and
then maintained a certain level, with small fluctuations. With
the increase in the number of FT cycles, the relationship
curve between peak intensity and natural A-D days first
increased and then decreased significantly.

Figure 11 demonstrates that the peak strain of the CL test
for groups 1, 2, 3, and 4 (corresponding to 0 FT cycles) initially
increased and then decreased as the number of natural A-D
days increased. As the number of natural A-D days increased,

7
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0 5 10 15 20 25 30 35 40

Strain (1073)

—— D-F for 0 days
—— D-F for 7 days

—— D-F for 14 days
—— D-F for 28 days

FIGURE 9: Stress—strain curve of C-L test.

the remaining groups corresponding to the test results showed
various trends, including continuously increasing, an initial
increase followed by a plateau, an initial increase followed by
a decrease and then an increase, and all groups showed no
decrease in peak strain overall. Such findings could be attrib-
uted to the samples water loss solidification and crystallizing of
salts during the natural A-D process. Under such conditions,
the gripping force between the soil particles, gels, and fibers was
enhanced, so that the samples could still bear large forces with-
out damage under large deformation conditions [40]. The pres-
ence of fibers in the specimen under natural A-D conditions
resulted in an increase in the peak strain of the sample as its
own strength increased. The different trends in peak strain of
the specimen during the increase of natural A-D days could be
attributed to the different test conditions such as the number of
CL, SL, frequency, and so forth. Overall, the peak strain did not
decrease with an increase in the number of natural A-D days.

Figure 12 shows that, under the same number of FT
cycles, the cumulative strain increased with an increase in
peak strain as the number of natural A-D days increased. The
maximum cumulative strain corresponding to most test
groups occurred after 14 days of natural air drying, with a
small number occurring after 7 days of natural air drying.
The trend of cumulative strain initially increasing and then
decreasing was more pronounced. After continuing the nat-
ural A-D process, as the water of the soil evaporated, the salt
crystals inside the soil precipitated, which increased the grip-
ping force between the fiber and soil, and limited the defor-
mation of the CL stage. Coupled with the decrease in the
strength of the sample after 28 days of natural air drying, the
cumulative strain corresponding to the test results of each
group showed a decreasing trend.

In summary, the improved saline soil that underwent FT
and natural A-D conditions in arid areas maintained high UCS
and CL strength. The requirement for the strength of the sub-
grade base layer was met, which should be greater than 1 MPa
according to the Technical Guidelines for the Construction of
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TaBLE 6: Orthogonal test results.
A-D for 0 days A-D for 7 days A-D for 14 days A-D for 28 days

Group o) £ 3 o) £y & o £ & o) £ A

1 2.07 6.27 1.127 3.48 10.87 2.520 4.09 12.67 3.035 4.12 12.43 1.87
2 2.42 6.02 1.380 3.22 14.34 3.530 4.80 12.54 2.835 3.71 13.02 2175
3 2.23 6.95 1.463 3.56 11.69 2.827 3.86 12.31 3.797 3.84 11.96 2.52
4 2.29 6.87 2.353 3.47 13.07 2.740 4.86 12.61 3.090 3.72 11.59 2.07
5 2.20 6.43 0.795 2.74 9.67 1.020 3.51 13.44 1.685 2.88 16.73 1.61
6 2.01 9.13 1.220 2.96 7.69 1.825 3.39 11.84 2.377 3.29 15.28 1.835
7 2.37 7.87 0.930 3.51 9.14 2.070 3.67 14.16 4.370 3.05 16.62 2.685
8 2.05 7.06 1.640 3.20 13.69 4.900 2.80 14.17 7.170 3.55 14.55 3.61
9 2.26 6.49 0.813 3.28 13.28 1.830 3.62 9.86 2.845 3.69 13.00 1.885
10 1.82 7.39 1.560 3.50 15.25 3.515 3.96 11.05 4.650 2.86 13.72 2.82
11 2.02 6.81 1.020 3.27 12.04 1.535 3.55 11.39 1.870 3.14 12.22 1.19
12 2.17 6.52 1.180 3.08 14.06 2.295 3.59 12.86 2.890 3.47 13.74 1.275
13 2.04 522 0.537 3.20 10.25 1.890 4.15 11.46 1.700 2.76 16.33 1.54
14 2.36 7.92 0.617 3.07 12.81 1.721 3.15 13.69 1.626 3.07 14.23 1.345
15 2.20 10.84 1.985 3.23 11.96 2.330 3.72 14.84 4.455 3.23 12.24 2.29
16 2.51 8.44 1.271 3.14 14.47 3.250 421 14.74 3.790 4.01 14.84 3.25

Highway Road bases (JTG/T F20-2015) [34]. Such results indi-
cate that the saline soil improvement scheme is effective and
adaptable for use in treating chlorine saline soil in arid areas.

3.3. Range Analysis. The peak strength, peak strain, and
cumulative strain range results of improved saline soil sam-
ples subjected to different test conditions are shown in
Tables 7-9.

Based on the magnitude of the range of peak intensity,
the influencing factors on peak intensity could be ranked as
follows: LF, FT cycles, CL times, LA, and SLs when natural
A-D days were 0 days. After 7 days, the ranking of influenc-
ing factors on peak intensity was as follows: FT cycles, SLs,
LF, LA, and CL times. After 14 days, the ranking was as
follows: FT cycles, SLs, LF, LA, and CL times. After 28
days, the ranking was as follows: FT cycles, SLs, CL times,
LF, and LA. An observation can be made that the FT number
and SL had significant effects on the strength of improved
saline soil, while the regularity of other influencing factors
was not significant. Such observation is consistent with the
results presented in Figure 9.

According to the magnitude of the peak strain range, the
influencing factors on the peak intensity could be ranked as
follows: LA, CL times, FT cycles, LF, and SL when the natural
A-D days were 0 days. At 7 days, the ranking was as follows: FT
cycles, CL times, LF, SL, and LA. At 14 days, the ranking was as
follows: FT cycles, CL times, SL, LF, and LA. At 28 days, the
ranking was as follows: FT cycles, CL times, LA, LF, and SL.
With the increase in the number of natural A-D days, and in
combination with the findings from Figure 11, it can be
observed that the number of FT times and CL times had a
significant effect on the deformation of improved saline soil,
while the impact of other influencing factors was not significant.

According to the magnitude of the cumulative strain
range, the influencing factors on the cumulative strain could
be ranked as follows: when the natural A-D days were 0 days,

CL times, LA, LF, SL, and the number of FT cycles. At 7 days,
the ranking was as follows: LF, CL times, LA, FT cycles, and
SL. At 14 days, the ranking was as follows: LF, CL times, SL,
FT cycles, and LA. At 28 days, the ranking was as follows: LF,
CL times, LA, FT cycles, and SL. With the increase in the
number of natural A-D, combined with Figure 12, the LF and
CL times had significant effects on the cumulative deforma-
tion of improved saline soil, while the regularity of other
influencing factors was not significant.

3.4. Specimen Morphological Analysis. Through observation
of the CL test for sample destruction (G12-7 refers to the test
where the sample was destructed after 7 days of natural A-D
in group 12, and the other tests were not repeated), the failed
samples from the 12th group of CL tests were selected. As
depicted in Figure 13(a)-13(d), the surface salt analysis sig-
nificantly increased with the increase in natural A-D days,
resulting in the appearance of peeling, shedding, and other
salt expansion phenomena on the surface. The failure form
remained consistent, and complete penetrating cracks did
not appear. CL test samples that underwent natural A-D
for 28 days were chosen for analysis, as presented in Figure 13
(e)—13(h). It was observed that with an increase in FT times
under identical natural A-D days, the surface salt analysis of
the sample significantly increased, and penetrating cracks
gradually manifested. The cyclic load exerted at the top of
the specimen caused the cracks to appear from the top, with
the upper portion of the specimen being more severely dam-
aged than the bottom end.

4. Microstructure Analysis

Natural saline soil samples (Figures 14(a) and 14(b)), improved
saline soil (Figures 14(c) and 14(d)), samples that underwent
different days of natural A-D at the same number of FT cycles
(Figure 14(e)-14(h)) and samples with different FT' cycles
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FiGure 10: Curves of intensity and natural air-drying days.

under 28 days natural A-D conditions (Figure 14(i)—14(1)) were
selected and the morphology, connection mode, salt crystalliza-
tion, and pore development of mineral particles were observed at
4,000 times, as shown in Figure 14.

The XRD test results of natural saline soil powder were
analyzed (see Figure 15), and the main components of nat-
ural saline soil were found to be Quartz SiO, at 23.2%, Mica
KAL/(AlSi;0,0)(OH), at 29.1%, Dolomite CaMg(CO3),
at 10.5%, and Albite Na(AlSi;Og) at 10%. Combined with
Figures 14(a) and 14(b), the salt distribution of saline soil in
the natural state appeared to be uneven, with most of the
mineral particles being small, different in size, and the dis-
tribution being scattered and fragmented. In the salt-free
crystallization area, the contact mode between particles was
point—point—surface contact, and the microstructure was
relatively loose.

EDS surface analysis was performed on the rectangular
labeled cementation area in Figure 14(b), revealing that the

fluid-like gel consisted of three elements: Cl, Na, and O, with
mass percentage contents of 49.73%, 40.08%, and 10.19%,
respectively. It can be inferred that the gel was a sodium chlo-
ride crystal. In the sodium chloride crystal area, the gel evi-
dently had a mirror-like appearance, with the gaps between the
particles filled by sodium chloride crystal. Most of the small
particles were wrapped by the crystal, with almost no porosity
present. The contact mode between the particles was mainly
point—surface—surface contact, and the microstructure was rel-
atively dense. Due to the limited salt content, resulting in
uneven salt distribution, most of the microstructure of the
area was obviously loose, and the rest of the area was filled
with sodium chloride crystals, which were relatively dense.
However, sodium chloride crystals are water-soluble, which
can cause natural saline soil to collapse and reduce its compres-
sive strength under certain water conditions. On the other
hand, natural A-D leads to soil water loss, resulting in the
recrystallization of sodium chloride to fill the pores, which gives
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FIGURE 11: Curves of peak strain and natural air-drying days.

the saline soil a certain strength but also alters the internal soil
structure, leading to poor engineering geological properties.
The XRD diffraction pattern of the improved saline soil
powder is presented in Figure 16, which indicates that the
major components are Quartz SiO, (23.2%), Mica KAl
(AlSi30,0)(OH), (24.7%), and Calcium carbonate CaCOj;
(28.2%). In addition, the EDS surface scan of the rectangular
labeled area in Figure 14(c) revealed that the flocculent
cement was primarily composed of elements O, Si, and Ca,
with mass percentage contents of 56.25%, 16.51%, and
15.17%, respectively. Based on such composition, it could
be inferred that the flocculent gel was hydrated calcium sili-
cate. The analysis of the marked area of Figure 14(d) shows
that the needle-like gel was composed of O, Ca, C, and three
other elements, with percentage contents of 45.15%, 16.92%,
and 37.93%, respectively. The gel could be inferred to
be calcium carbonate. From Figures 14(c) to 14(d), the
improved saline soil mineral particles were generally large,
lumpy, or flaky, and the small pores between the particles
were filled by the gel. At the same time, there were still some

pores that were not filled by the gel. The contact mode
between particles was point—surface—surface contact, and
the presence of gel rendered the microstructure denser
than that of natural saline soil.

Figure 14(e)-14(h) are SEM diagrams of the 12th group
specimen under natural A-D conditions of 0, 7, 14, and 28 days,
and at the same number of FT cycles, with the increase in the
natural A-D times, the gel increased significantly, the pores
were filled, and the microscopic results became increasingly
denser overall. Figure 14(i)—14(1) are SEM diagrams of samples
that underwent natural A-D for 28 days after 0, 2, 4, and 6 FT
cycles. Findings were made that the distribution of flocculent
and needle-like gels was more obvious, and under the same
natural A-D days, with the increase in FT times, the pores
between particles gradually increased, and a large number of
micropores and small particles appeared, with their micro-
structure becoming less dense.

4.1. Analysis of Improvement Mechanism. The XRD analysis
of the soil samples is presented in Figure 17, which reveals
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A-D (n) FT (n) CL (n) SL (%) LA (%) LF (Hz) A-D (n) FT (n) CL (n) SL (%) LA (%) LF (Hz)
0 0.21 0.165 0.095 0.109 0.355 0 0.065 1.043 0.436 0.879 0.479
7 0.43 0.218 0.352 0.273 0.309 7 0.610 1.481 0.538 0.813 1.562
14 1.059 0.165 0.802 0.273 0.432 14 1.011 1.794 1.092 0.739 2.871
28 0.656 0.456 0.543 0.192 0.412 28 0.643 0.825 0.502 0.756 1.093
TasLE 8: Peak strain ¢, range analysis. the main components to be Quartz SiO, (22.4%), Calcium
AD(n) FT(n) CL(n) SL(%) LA (%) LE(Hz  carbonate CaCOj; (10.5%), Dolomite CaMg(COs), (7.9%),
0 1578 2015 0.825 5055 0.935 Albite Na(AlSi;Og) (10.9%), Potassium feldspar K(AlSi;Osg)
; 3'611 2.804 1'599 1 . 2'021 (4.4%), Gypsum CaSO,(H,0), (9.2%), Chlorite (Mg, Al)4(Si,
' ' ' ) ’ A1)4010(OH)8 (86%), and Mica KA12 (AlSl3010) (OH)2
14 2392 1.738 1.100 1.057 1.066 (26.2%). From the above microstructure analysis, the original
28 3545 1362 113 1286 1135 70 SIS, &

components of the plain soil and inorganic materials such as
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(h)

Ficure 13: Comparison of the failure morphology of the specimen. (a) G12-0, (b) G12-7, (c) G12-14, (d) G12-28, (e) G4-28, (f) G8-28,

() G12-28, and (h) G16-28.

sodium chloride, cement, lime, and water glass form hydro-
static gels and gas hard gels under hydration and natural
A-D conditions, filling the pores of the soil and improving
the strength of the soil. Based on the above XRD and SEM
result analysis, Figure 18 shows a general schematic diagram
of probable interactions in improved chlorine saline soil.
Physical and chemical reactions in improved chlorine saline
soil are illustrated as follows:

4.2. The Formation of Water-Hard Gels. Combined with the
SEM images, EDS analysis was performed on water-hard
gels, as shown in Figure 19 in the rectangular labeled area.
The gels were composed of O, Ca, S, Si, Al, and other ele-
ments, with mass percentages of 61.81%, 19.17%, 7.30%,
6.25%, and 5.47%, respectively. It can be inferred that
NaOH and Ca(OH), produced by the hydrolysis of water
glass and quicklime provided an alkaline environment in

the soil, and SiO, in the water glass and soil was activated
to promote cement hydration and form CaO- SiO,- H,O gel
(CSH) [41, 42]. The formation process was as follows
Equations (2)—(4). Next, Al,O; in cement was activated in
an alkaline environment and reacted with Ca(OH), to form
CaO- ALO3- H,O gel (CAH), the formation process of which
was as follows Equation (5). CAH gel further produced sul-
fate ions with gypsum powder CaSO, in the soil to form a
new 3Ca0O- Al,05-:3CaSO,4-32H,0 gel (AFt), and the forma-
tion reaction was as follows Equation (6). The AFt gel pres-
ent in the soil was observed to have needle-like crystals, and
these crystals continued to form during the curing process.
As a result, the gels became staggered and overlapped to
form a network structure, which filled the pores and con-
nected the soil particles. This network structure contributed
to further improvement of the soil’s strength [43—45].
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Ficure 14: SEM diagram of saline soil. (a) Natural saline soil, (b) natural saline soil, (c) improved saline soil, (d) improved saline soil,

(e) G12-0, (f) G12-7, (g) G12-14, (h) G12-28, (i) G4-28, (j) G8-28, (k) G12-28, and (1) G16-28.
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FiGure 15: X-ray powder diffraction pattern of natural saline soil.
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FiGure 16: X-ray powder diffraction pattern of solidified saline soil.
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FiGure 17: X-ray powder diffraction pattern of plain soil.
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FiGure 18: Schematic diagram of the improvement mechanism.
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) Due to the limited content of CaSO, in saline soil and
§iO, + Ca(OH), + H,0 — C-S - H, (4) inorganic materials, part of the CAH combined with sulfate
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Ficure 19: SEM diagram of hydrostatic gel.

ions to form AFt, and the remaining CAH reacted with Cl™ in
saline soil to generate 3CaO- AL,O;- CaCl,-10H,O [46]. The
formation reaction was as follows Equation (7). In the envi-
ronment where sulfate ions were partially enriched, sulfate
ions continued to replace part of the chloride ions in 3CaO-
ALO5-CaCl,-10H,0 formed calcium aluminate hydrate [5].
The formation process was as follows Equation (8). The pro-
cess consumed soluble chloride ions in the improved saline
soil, thereby improving the engineering characteristics of the
solidified saline soil to a certain extent.

CaO - ALO; - H,O + NaCl

7
— 3Ca0 . A1203 . Caclz . 10H20 + NaOH, ( )

3CaO . A1203 . CaC12 . 10H20 + CaSO4 . 2H20
e CaC12 + 3Ca0 - A1203 . (OSCaCIZ . 05CaSO4) . 12H20

(®)

4.3. The Formation of Gas Rigid Gels. The gas rigid gels
shown in the annotated areas of Figure 20 were analyzed
using SEM images and EDS analysis, revealing that the gels
were composed of elements such as O, C, Si, Ca, Al, and Mg.
The mass percentages of the elements were found to be
54.19%, 24.59%, 7.47%, 9.50%, 2.49%, and 1.77%, respec-
tively. It can be inferred that as the sample naturally dried,
the Ca(OH), formed by lime hydrolysis in the soil sample
underwent a transformation from a colloidal to a crystalline
state during the process of dry hardening. At the same time,
Ca(OH), carbonized with CO, in the air to form CaCO;
[47], and the formation process was as follows Equations
(9) and (10). As the sample is naturally A-D, the water glass
is carbonized with CO, in the air to form a silicate gel.
During the process of dehydration and crystallization, the
gel was further consolidated, forming a more solid structure.
The formation process was as follows Equation (11). There-
fore, the gas rigid gels were mainly solid SiO, and calcium
carbonate.

15

FiGure 20: SEM diagram of aero rigid gel.

CaO + H,0 — Ca(OH),, 9)

Ca(OH)2 + C02 + nHzo — CaCO3 + (f’l + I)Hzo,
(10)

Nazo . n5102 + C02 + mH20 — nSIOZ . mHzo + NazCO3

(11)

5. Conclusion

In order to use in situ saline soil to treat the subgrade, the
optimal ratio of chlorine saline soil suitable for treating sub-
grade in arid areas was investigated. The main findings of the
present investigation are as follows:

(1) The chlorine saline soil with a salt content of 3% can
be used for subgrade treatment in arid areas when the
optimal values for cement content, lime content,
fiber content, and fiber length are 8%, 12%, 0.2%,
and 18 mm, respectively.

(2) With the increase in FT cycles, the UCS of the opti-
mal ratio sample gradually decreased. Under the
same number of FT cycles, with the increase of natu-
ral A-D days, there was a trend of first increasing and
then decreasing in the UCS.

(3) According to the results of C-L testing, with the
increase of natural A-D times, the FT number, and
SL were the main factors affecting the strength; the
number of FT times and the number of cycles were
the main factors affecting the deformation; and the
frequency and cycle number were the main factors
affecting the cumulative deformation. The fiber was
mixed so that the improved saline soil after destruc-
tion could still maintain a high compressive strength
value.

(4) The mechanism of inorganic material improvement
of saline soil is essentially related to the formation of
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water-hard gels such as CSH, AFt, and calcium alu-
minate hydrate in the standard curing 28 days pro-
cess, and gas rigid gels such as solid SiO, and calcium
carbonate formed by the loss of water in soil samples
under natural A-D conditions. The formation of these
gels is the primary factor responsible for improving
the strength and deformation performance of the
improved saline soil.

The improved saline soil that underwent FT and natural
A-D conditions in arid areas maintained high UCS and CL
strength. The above optimally improved ratio is effective and
adaptable for use in treating chlorine saline soil in arid areas.
Future research should focus on the long-term water—salt
migration and salt crystallization effects on the improvement
mechanism of inorganic materials in saline soil and the
strength properties of improved saline soil, especially if the
salt content exceeds 3%. This will require further study to
verify the applicability of the above research results.
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