#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

A novel expansive soil hardener: performance and

i") Check for updates‘
mechanism of immersion stability

Cite this: RSC Adv., 2022, 12, 30817

Tao Mei,? Jirong Lan,? Yigie Dong,?® Shanshan Zhang,® Huiting Tao®
and Haobo Hou @ *a°

Aiming at the existing problems of poor treatment effect and immersion stability of expansive soils, a slag
soil hardener (SSH, developed by Wuhan University, China) was combined with different additives to dispose
in this study. The free expansion rate, compressive strength, and immersion stability of samples were
compared, and the influences of different additives, curing age, and dry density on the process and
mechanism of improvement were discussed. The experimental results indicated that SSH combined with
quicklime had the best improvement effect on expansive soils, in which the mass ratio of raw materials
was: expansive soil/SSH/quicklime = 92/4/4, and the free expansion rate decreased from 45.90% to
4.4%, compressive strength increased from 2.53 MPa to 6.69 MPa, and there was no splitting after
immersion under this ratio. FTIR spectroscopy, XPS and SEM were performed to analyze the
characteristic functional groups, structural forms, and morphology of samples to study the mechanism
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Accepted 11th October 2022 of improvement, which showed that SSH greatly reduced the proportion of montmorillonite in the whole
system and further enhanced the mechanism of ion exchange, soil particle connection, and coating

DOI: 10.1038/d2ra01185a protection. The research can provide theoretical reference for engineering the application of expansive
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1. Introduction

Expansive soils are a kind of highly plastic clay with obvious
expansion and contraction, as their volume changes with the
environment.' Its basic components are hydrophilic minerals
mainly including montmorillonite and illite,> which are greatly
affected by environmental humidity.® According to statistics,
expansive soils have been found in more than 40 countries and
are widely distributed in six continents with a large number.*
Expansive soils are widely distributed in China, accumulating in
more than 20 provinces and regions.> Because expansive soils
have softened cracking caused by moisture change around bad
engineering properties,® such as in China or even worldwide,
the expansive soil area engineering problems and frequent
geological disasters” have become key technical problems and
one of major issues in construction, mainly including the road
construction and other kinds of shallow engineering
constructions.®

In order to meet the requirements of engineering fillers, the
chemical improvement method with simple operation and
short time limit is widely adopted in the world to improve the
free expansion rate, strength, and immersion stability of
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soil area in rainy climate and has dual economic and environmental benefits.

expansive soils.” The more common chemical improvers mainly
include fly ash,' cement,'* sodium silicate,'” organic matter,*
other new improvers,** and quicklime improvement.” Pradhan
P. K. et al.*® showed that the fly ash can improve the early
strength of expansive soils and achieve waste treatment with
waste, but the stability after immersion is insufficient. Du J.
et al’’ found that cement can reduce the hydrophilicity of
expansive soil particles and improve the stability after immer-
sion,'® but the application scope is limited because of the large
shrinkage coefficient. Murmu A. L. et al,” through the
improvement of sodium silicate, found that the gel effect could
effectively reinforce expansive soils and enhance the cohesive
force of soil particles, resulting in an aggregation phenomenon.
However, the material itself has a large viscosity and compli-
cated practical operation, and the strength is difficult to reach
the actual engineering application standards.

Quicklime has gradually become the most widely used
improver for expansive soils due to its advantages of easy
availability of raw materials and simple operation, but there are
still problems such as insufficient stability.*® According to the
study of Shi B. et al.,** after the addition of 5-10% quicklime
into expansive soils for improvement, their free expansion rate
and strength can meet the requirements of engineering use, but
the immersion stability of quicklime soils is obviously insuffi-
cient, which cannot meet the actual engineering application in
rainy climate areas and lead to engineering problems.** The slag
soil hardener (hereinafter referred to as “SSH”) is a silicon
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aluminum-based environmental material developed by Wuhan
University, China, which contains a variety of high-state cations,
has good hydrorigid cementitious properties, and can effec-
tively solidify sands, soils and other construction waste mate-
rials to recycle in actual engineering construction. Therefore,
SSH was tried to be applied to the research of expansive soils to
explore the solution of the problem of insufficient immersion
stability.

In order to solve the problem of insufficient immersion
stability of expansive soils and further improve their free
expansion rate and compressive strength to expand the appli-
cation scope of expansive soils as engineering fillers, especially
in the expansive soil area with rainy climate, in this study, SSH
combined with different additives was used to modify the
typical expansive soil. The immersion stability, free expansion
rate and compressive strength of samples were compared, and
the effects of the different additives, curing age, and dry density
on the improvement were discussed to select the best additives
and ratio. FTIR spectroscopy, XPS and SEM were used to char-
acterize the functional group characteristics, composition and
morphology of expansive soils before and after modification to
study the improvement process and mechanism.

2. Materials and methods
2.1 Materials

2.1.1 Expansive soils. The expansive soil used in the
research was taken from Guangxi Province, China and was gray
and white. Weak expansive soils are common in the local, while
medium and strong expansive soils are rarely distributed. In
order to remove some impurities that were not part of the soil
particles and to ensure the accuracy of the results, the expansive
soil was sampled in the local field and air-dried at room
temperature for 48 h, crushed and screened through a soil sieve
(2 mm) for use as a research material.
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2.1.2 Slag soil hardeners (SSHs). SSHs are mainly
composed of slag or slag composition, which is mixed with an
appropriate ratio of activators and surfactants and ground to
a Brewer ratio area of 400-900 m> kg~ '. The SSH used in the
research was taken from Wuhan University of China. In addi-
tion, in order to make it fully contact the soil particles, the
reaction area was increased, which facilitates the exploration of
the improvement effect; then, the SSH was used as a research
material after drying, grinding and passing standard sieve (0.5
mm).

2.1.3 Additives. Based on the current research results,
quicklime is one of the best modified materials to improve the
basic physical properties of expansive soils, so it was used as
one of the additives in this study. Steel slag itself, as a cemen-
titious material, contains a variety of high-valence cations,
which can promote the ion exchange of the expansive soil
system and reduce the hydrophilicity of soil particles. In addi-
tion, a small amount of sand was added to reduce the water
dispersion of expansive soil particles, so as to explore the
applicability of different additives to the improvement of
expansive soils.

The quicklime used in the research was powdered and 65%
pure. The specific surface area of steel slag used was 0.32 m?>
¢!, the average porosity was 5.3 nm, the grindability index was
0.96, and the density was in the range of 3.1-3.6 g cm>. The
sand used was fine sand for ordinary concrete, and its fineness
modulus was within the range of 2.2-1.6.

2.2 Methods

2.2.1 Characterization methods. The moisture content,
liquid-plastic limit, particle size distribution and chemical
composition were determined according to the “Standard for
Geotechnical Test Methods of China” (GB/50123-2019), and
a digital display soil liquid plastic limit combined tester (LP-

]

Moulding

sy (008
7@-

Conserving

K

Demoulding

No-load immersion
simulation test

Fig. 1 Flow chart of the experiment.
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Table 1 Experimental results for different raw material ratios

Materials (mass fraction, %)

Additives

Samples Expansive soil SSH hardener Quicklime Steel slag Sand

S0 100 0 0 0 0
S1 92 0 8 0 0
S2 92 4 4 0 0
S3 92 4 0 4 0
S4 89 3 0 3 5
S5 89 3 3 0 5

100D, resolution 0.1 mm) was used to measure the liquid-
plastic limit of expansive soils. The moisture content was
measured using a moisture meter (Dsh-50a-1), the particle size
distribution was determined using a laser particle size analyzer
(Microtrac S3500), and the chemical composition was analyzed
using an XRF (ARL Perform-X).

2.2.2 Preparation and curing. The preparation and curing
process is shown in Fig. 1. Different ratios of materials were
added to the same ratio of deionized water (Table 1 for specific
ratios) and stirred in a mortar mixer (YDT712-4/8) for 30 min,
and a plastic film was used to seal and store the mixture. Water
was evenly distributed in the mixture. After sealing for 3 days,
the material was poured into a ¢ 5 x 5 mold, placed in
a universal material testing machine, and pressed and formed
under 40 kN pressure. After demolding, the sample was cured
for 7 d and 28 d at room temperature, respectively, for subse-
quent determination and characterization.

2.2.3 Determination of free expansion rate. According to
the “Technical Code for Building in Expansive Soil Area of
China” (GB/50112-2013), the free expansion rates of the original
expansive soil and the samples after curing for 28 days were
measured using a free expansion rate tester (WX-2000).

2.2.4 Determination of compressive strength. According to
the “Test Method for Physical and Mechanical Properties of
Concrete of China” (GB/50081-2019) determination of the
compressive strength of solidified body, this test was conducted
using a universal material testing machine (WE-300S, accuracy
grade 1), and calculations were done as P = Fy/A, where P is the
compressive strength, unit MPa; Fy is the failure load, unit N; A
is the loading area, unit mm?.

2.2.5 No-load water immersion simulation test. After
curing for 28 days, the samples were immersed in water without

Table 2 Standardized parameters of samples
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loading, and the dispersion degree was recorded at 3, 5, 10, 30,
60, 120, 180, and 24 x 60 min. The residual volume of the
corresponding cured body was measured, and the water-
immersion stability of different samples was compared.

2.2.6 Determination methods. The main mineral compo-
sitions of expansive soils were preliminarily confirmed by XRD
(Rigaku Miniflex 600). In addition, the original expansive soil
and the samples with a curing age of 28 days were selected for
characterization. An FTIR spectrometer (Thermo Nicolet 5700)
was used to analyze the characteristic functional groups. The
main compositions and structural forms were characterized by
XPS (Thermo ESCALAB 250XI) and the morphology was
analyzed by SEM (TESCAN MIRA3 LMH).

2.2.7 Differential analysis of samples. The raw material
ratios of the samples provided in Table 1 are the original data
obtained from the test. In order to build a unified measurement
standard, the Z-score standardized calculation formula (eqn (1))
was used in this study to standardize and transform the test
parameters. The standardized parameters of the obtained
samples are shown in Table 2.

Xi 0'_ X [1)

Xi =

The correlation matrix Ry, of the samples obtained from the
transformation of standardized parameters is shown in eqn (2).

1 —0.604 0216 —0.306 —0.640
0604 1 -0335 0507 0277

R =|-0216 —0335 1  —0594 —0241 | (2)
0306 0.507 -0.59 1  0.141
—0.640 0277 -0241 0.141 1

The characteristic equation of R, can be obtained from the
correlation matrix of samples, as shown in eqn (3):

IR— =0 3)

The five non-negative eigenvalues and variance contribution
rates calculated according to the characteristic equation are
shown in Table 3, and the parameters with eigenvalues > 1 were
taken as principal components. It can be seen that the variance
contribution rates of expansive soil and SSH hardener were o; =
48.196% and a, = 28.458%, respectively, and the sum of them
was 76.654%, while the sum of variance contribution rates of

Expansive soil SSH hardener Steel slag
Samples (x1) (x2) Quicklime (xs) (x4) Sand (xs)
SO 2.0823 —1.3728 —0.8533 —0.6965 —-0.7071
S1 —0.0905 —1.3728 1.8773 —0.6965 —0.7071
S2 —0.0905 0.9806 0.5120 —0.6965 —-0.7071
S3 —0.0905 0.9806 —0.8533 1.6916 —0.7071
S4 —0.9054 0.3922 —0.8533 1.0945 1.4142

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Initial eigenvalue

Principal components extraction

Variance contribution

Cumulative

Variance contribution Cumulative

Parameters Eigenvalue rate (o, %) value (%) Eigenvalue rate (o, %) value (%)
X1 2.410 48.196 48.196 2.410 48.196 48.196
X2 1.423 28.458 76.654 1.423 28.458 76.654
X3 3.728 x 107* 0.008 76.662

Xa 0.399 7.979 84.641

Xs 0.768 15.359 100.000

quicklime, steel slag and sand was only a3 + a4 + a5 = 23.346%.
It was much smaller than «; + a, = 76.654%. Therefore, it can
be considered that expansive soils and SSH hardeners have
a large weight on the ratio index of sample raw materials.

3. Results and discussion
3.1 Properties of expansive soils

The basic physical properties and chemical composition of the
expansive soil are shown in Tables 4 and 5. It can be seen that
the free expansion rate of the expansive soil was Fs > 40% and
the plasticity index Iy > 15%, which indicated that the expansive
soil was the weak expansive soil and mainly composed of Si, Al,
Fe and other elements, belonging to the SiO,-Al,0;-Fe,03
system. The Si element composition was obviously large, and
usually existed in the form of aluminosilicate.?

XRD was performed to determine the main mineral
components in expansive soils, and the results are shown in
Fig. 2. It can be preliminarily determined that the main mineral
components were montmorillonite, illite, kaolinite, quartz,
illite/montmorillonite mixed layer and kaolinite/
montmorillonite mixed layer. In order to further determine
the types and morphology of minerals contained in expansive
soil, more accurate detection should be carried out by XPS, see
“3.6.1 XPS results” for details.

The free expansion rate of expansive soil was mainly deter-
mined by the exposed area of expansive minerals such as
montmorillonite and illite. The soil particle size determines the
exposed surface area of corresponding substances and the
combination effect with a hardener to a certain extent, which
greatly affects the soil expansion potential and stability
improvement.* The particle size distribution of expansive soils
used in the research is shown in Fig. 3. It can be seen that the
particle size of <5.0 pm accounted for 26.54%, the particle size
of 5.0-20.0 um accounted for 49.95%, and the particle size of
>20.0 pm accounted for 23.51%, mainly distributed in the range
of 1-20 um, which indicated the presence of a certain degree of

Table 4 Basic physical properties of expansive soils

Table 5 Chemical compositions of expansive soils (mass fraction, %)

Compounds SiO, Al,O; Fe,O;3 K,O CaO MgO TiO, Others

Wt (%) 69.28 17.13 6.21 2.33 199 133 1.01 0.72

exposed area with the corresponding expansion potential and
ability to combine with the hardener in the soil.

3.2 Properties of the SSH

The main chemical composition of the SSH used in the research
is shown in Table 6. It can be seen that it was mainly composed
of Si, Al, Ca and other elements, belonging to the SiO,-Al,O3-
CaO system. Its powder usually existed in the form of oxides,
and the corresponding salts were formed after mixing with
water, with strong curing performance.>

In order to ensure the high surface activity of SSH, it is
necessary to grind it to a small size in the research. The particle
size distribution of SSH is shown in Fig. 4. It can be seen that
the particle size < 5.0 pm accounted for 45.29%, the particle size
between 5.0 and 10.0 pm accounted for 30.25%, and the particle
size > 10.0 pm accounted for 24.46%, mainly distributed in the
range of 1-10 pm, which indicated that it can have a large
contact area with other substances.

3.3 Free expansion rate

According to the corresponding classification requirements of
expansive soils mentioned in the “Technical Code for Highway
Subgrade Construction of China” (JTG/3610-2019), the expan-
sive soil can be identified only when its free expansion rate
reaches over 40%,*® and the free expansion rate of the expansive
soil after chemical improvement determines its grade as
a construction filler.””

In the research, the free expansion rate of the samples with
a curing age of 28 d, different raw materials and ratios was

Moisture content
(%)

Maximum dry density

& em ) Liquid limit/W;, (%)

Free expansion

Plastic limit/Wp (%) Plastic index/Ip (%) rate/Fs (%)

13.50 1.88 43.98

30820 | RSC Adv, 2022, 12, 30817-30828
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Fig. 3 Particle size distribution of the expansive soil.

measured, and the results are shown in Fig. 5. It can be seen
that the free expansion rate of the original expansive soil (SO
sample) was 45.90%. After the incorporation of different
materials and ratios, the free expansion rates of S3 and S4
samples were little different from that of the original expansive
soil, which only slightly decreased. However, the free expansion
rate of S1, S2 and S5 samples decreased significantly.
Comparing the effects of the three samples, it can be seen that
the free expansion rate of addition of the SSH decreased more
than that of the use of quicklime alone, and the improvement
effect was about 1.5 times. In addition, the incorporation effect
of the sand was poor and the free expansion rate increased. In
conclusion, improvement by SSH combined with quicklime had
the best effect in the free expansion rate of expansive soil, which
was only 4.4%.

Table 6 Chemical compositions of SSH (mass fraction, %)
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3.4 Compressive strength and dry density

When the expansive soil is used as a building filler, it needs to
have a certain compressive strength to ensure that it is not
easily damaged by external forces, so as to maintain the stability
of buildings in engineering construction.”® The compressive
strength and dry density of samples with different raw materials
and ratios were measured after curing to 7 d and 28 d, and the
results are shown in Fig. 6 and 7.

It can be seen from Fig. 6 that the strength of original
expansive soil (SO sample) in the research at 7 d and 28 d was
2.46 and 2.53 MPa respectively. After the addition of raw
materials with different ratios, the strength of S3 and S4
samples decreased slightly, while the strength of S1, S2 and S5
samples at each age increased significantly. The strength of S2
sample cured by the SSH combined with quicklime was the
highest, which was 2.08-2.64 times higher than that of the
original expansive soil and 1.42-1.69 times that of using
quicklime alone.

Compounds Sio, Al,O4

CaOo

MgO Fe,0, SO,

Wt (%) 26.4-43.2 7.9-23.6

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Compressive strength of samples.

Fig. 7 shows that the dry density of samples at different ages
was in the range of 1.88-1.98 g cm >, and the compressive
strength of samples fluctuated slightly with the change in dry
density within this range. Moreover, as the dry density
increased, the compressive strength of samples showed an
upward trend. In addition, it can be seen from Fig. 6 and 7 that
the curing age increased from 7 d to 28 d, which had a signifi-
cant influence on the strength of S2 and S5 samples. The
compressive strength of S2 samples with the best effect
increased by 31% and 29% from 7 d to 28 d, respectively, which
indicated that the combined effect of the SSH and quicklime to
improve the expansive soil was greatly affected by the curing
age.

Therefore, according to the analysis of free expansion rate,
compressive strength and dry density indexes, the S1, S2 and S5
samples with good effects were all mixed with quicklime, which
confirmed that quicklime played a certain role in the improve-
ment of expansive soils.”® By comparing S1 and S2 samples, the
incorporation of the SSH can reduce the free expansion rate and
increase the compressive strength clearly. By comparing S2 and
S5, the compressive strength decreased obviously and free
expansion rate increased slightly after the addition of sand. In
conclusion, the steel slag and sand as additives have no obvious
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Fig. 7 Dry density — compressive strength graph.
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effect on expansive soil improvement, and quicklime had
a certain effect, while the free expansion rate and compressive
strength of the expansive soil can be improved more signifi-
cantly by adding SSHs compared with using quicklime alone.

3.5 No-load water immersion simulation test

After curing for 28 d, a water immersion simulation test without
loading was carried out for the samples with different raw
materials and ratios. The test process is shown in Fig. 8; the
samples were immersed in water without loading, and the
dispersion phenomenon at different time points was observed
and the residual volume of the cured body was measured. In
addition, the dispersion degree in soaking of the samples at
main time points was compared, and the results are shown in
Fig. 9 and 10.

It can be seen from Fig. 9 and 10 that there were significant
differences in the soaking results of the samples with different
raw materials and ratios. Except the S2 sample, other samples
showed different degrees of dispersion or even completely
collapsed after soaking. Among them, the S4 sample dispersed
fastest and completely dispersed within 30 min, followed by the
S3 and SO samples, which completely dispersed within 2 h and
3 h, respectively. In addition, the S1 and S5 samples with
general effects showed different degrees of dispersion after
immersion, and the dispersion rate of the S1 sample was faster
than that of the S5 sample. However, the S2 sample with the
best effect did not show any dispersion or collapse phenom-
enon after soaking in water, and its compressive strength was
still as high as 5.83 MPa after soaking in water for 24 h, which
only slightly decreased compared with that before soaking in
water. Therefore, it can be seen that the expansive soil improved
by quicklime alone was obviously less stable in soaking water,
which confirmed the previous studies and cannot meet the
requirements of engineering fillers in expansive soil area in the
rainy climate. However, the incorporation of SSHs greatly
improved the immersion stability of expansive soils, and the
compressive strength difference after soaking was not obvious,
which can be applied to the construction of expansive soil areas
in the rainy climate.

Based on the above-mentioned results of the free expansion
rate, compressive strength and no-load water immersion
simulation test of the samples with different raw materials and
ratios, it can be seen that the effects of various indexes of S2
sample were the best, indicating that the addition of 4% SSH
and 4% quicklime had the best effect on the improvement of
expansive soils. Among them, the use of quicklime alone had
a certain effect on the improvement of expansive soils, but the
immersion stability was obviously insufficient. The incorpora-
tion of SSHs can significantly enhance the immersion stability,
meanwhile improving the free expansion rate and compressive
strength of expansive soils, which solved the problem of engi-
neering fillers in expansive soil areas in the rainy climate.

3.6 Mechanism study

Combined with the chemical composition of materials of the
samples and the high content of Si in the expansive soil (about

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Flow chart of the no-load immersion simulation experiment.

70%), the original expansive soil (S0-0 d) and the samples with
a curing age of 28 days were selected. By studying the existing
forms of main element Si, surface characteristic functional
groups and microstructure changes in the samples of expansive
soils before and after improving, the improvement process and
mechanism were analyzed.

3.6.1 XPS results. XPS was performed to study the existence
forms of the main element Si in the above-mentioned samples,
and the results are shown in Fig. 11. As can be seen from it, Si
elements mainly exist in the form of montmorillonite [(Na,Ca)
Al,Mg(Si,040)(OH),-4H,0] and quartz (SiO,) in the original
expansive soil (S0-0 d) and after curing for 28 days (SO sample),
and the binding energy of SiO, increased after curing, which
indicated that the properties of the expansive soil become
stabler after water gain and loss. In the S1 sample with
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quicklime alone, a large amount of C-S-H gels such as CaSiO;
were formed after the hydration reaction, and the ratio of
montmorillonite to SiO, decreased. In the S2 sample with SSH
and quicklime, Caq(SigO;7)(OH), and Al,SiOs; were the main
forms, and the percentage of montmorillonite decreased obvi-
ously. Montmorillonite still existed in the main mineral form in
the S3 and S4 samples, and some crystals such as Cag(Sie-
0,,)(OH), were also formed, but the form of Cag(SigO17)(OH),
mainly existed in the S5 sample. Combined with the previous
research results that the free expansion rate of expansive soil
increased with the proportion of montmorillonite.* It can be
seen that the incorporation of SSH can significantly reduce the
proportion of montmorillonite in the expansive soil, the degree
of reduction was more obvious than using quicklime alone. And
a large number of hardness larger compound salts were
generated, which reduced the expansion potential and close-
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Fig. 11 XPS characterization of samples.

grained solidification structure through certain packages and
protection mechanism. Therefore, the free expansion rate
decreased more significantly, while the compressive strength
improved.

3.6.2 FTIR results. The surface functional groups of the
above-mentioned samples were characterized by FTIR spec-
troscopy, and the results are shown in Fig. 12. As can be seen
from it, there were a large number of free hydroxyl groups in the
whole reaction system. Compared with the original expansive
soil (S0-0 d) and after curing for 28 days (SO sample), the

08Si-0-Al

Transmittance

Ca0-S$i0, nH,0

1425

400 800 1200 1600 2000 2400 2800 3200 3600 4000
Wavenumber (cm™)

Fig. 12 FTIR characterization of samples.
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improved samples all generated the calcium silicate complex
salts. In addition, the diffraction peak of the Si-O-Si bond in the
samples after improvement was redshifted, the wave number
became smaller, and the bond energy became weaker.
Combined with quicklime, the expansive soil itself was mainly
composed of montmorillonite and SiO,, the properties of
components were stabler after improvement, and the stability
was of the order of S2 > S5 > S1 > S4 > S3 > S0 > S0-0 d, which
further confirmed that the properties of the expansive soil
became stabler after water gain and loss, and quicklime can
improve the properties of expansive soils to a certain extent,
while the incorporation of SSHs had a more significant
enhancement effect on the improvement of expansive soils than
the use of quicklime alone.

3.6.3 SEM results. The surface morphology changes of the
above-mentioned samples were characterized by SEM, and the
results are shown in Fig. 13. As can be seen from it, due to the
presence of the main mineral component montmorillonite, the
surface of the original expansive soil (S0-0 d) and after curing for
28 days (SO sample) before improvement had a flaky structure,
poor intergranular bonding ability, and overall dispersion, so it
had a high expansion potential. Compared with the SO sample,
the S1 sample improved by using quicklime alone had better
intergranular binding ability, and some particles aggregated
into clusters, but the overall microstructure still showed
a certain degree of dispersion. Compared with the SO and S1
samples, the S2 sample improved by using SSH and quicklime
had enhanced intergranular bonding ability, and the particles
basically aggregated and became massive, which significantly
restrained the expansion ability of montmorillonite. Compared

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 SEM characterization of samples (red area surrounded by circle indicated aggregates of soil particles and arrows point to indicated

morphological features of the aggregates when magnified).

with the SO sample, the S3 and S4 samples had a slightly
stronger intergranular binding ability, and a small number of
particles aggregated and formed partial clumps, but the effect
was not as obvious as for the S1, S2 and S5 samples. Moreover,
the aggregation degree of soil particles in S5 was between that of
the S1 and S2 samples.

From the above-mentioned analysis, it can be seen that
quicklime had a certain promotion effect on the binding ability
between the particles of expansive soils, while the aggregation
ability between the particles of expansive soil was further
significantly improved after the incorporation of SSHs, and the
surface morphology basically changes from dispersed flake to
block, which had a good inhibition effect on the expansion
potential of expansive soil particles and was beneficial to
improve the compressive strength, and the effect was more
significant than that of using quicklime alone.

3.6.4 Mechanism analysis. Combined with the above-
mentioned test and characterization results, the process and
mechanism of SSHs combined with quicklime to improve
expansive soil performance were analyzed, and a comparison
was made between using quicklime alone. The analysis results
are shown in Fig. 14. According to the research of Nishimura S.
et al.,** the swelling, adhesion and strength of expansive soil
particles were mainly determined by the thickness of the water
film binding between soil particles. The thinner the water film
is, the smaller the swelling is, the stronger the adhesion
between particles is, and the higher the strength is.** In addi-
tion, the type of cation adsorbed by soil particles has a great
influence on the thickness of the colloidal double electric layer,
and the ion exchange capacity of the system is in descending
order of Fe’*, Fe**, Ca®*, Mg®", K*, H" and Na*, while the high-

© 2022 The Author(s). Published by the Royal Society of Chemistry

value cation tends to make particles aggregate more easily than
the low-value cation.*

Fig. 14 shows that Ca®>" contained in quicklime can reduce
the thickness of the water film to a certain extent, and gel
materials such as CaSiO; generated via hydration reactions can
fill the structure of soil particles and form a certain wrapping
and protection effect. The SSH contained a large number of
Ca*", Fe*", Fe**, Mg**, A" and other high-value cations, which
further enhanced the exchange of Na', K, H" and other low-
value cations in montmorillonite, the main component of the
expansive soil, so that the colloidal double electric layer was
thinner and repulsion between soil particles was significantly
reduced. Thus, the thickness of the soil-particle-bonded water
film was less. The general formula of the reaction is as follows:**

[L]" — Aly(Sis010)(OH), nH,0 + [H]"" — [H]"" —
Aly(Si4010)(OH), nH,0 + [L]" (4)
In eqn (4), [L]" represents low-valent cations, and [H]*"
represents high-valent cations. The exchange of cations made
the colloidal double electric layer thinner, thus causing changes
in the charged properties of the surface of soil particles,* which
accelerated the agglomeration of soil particles and greatly
enhanced the aggregation ability between particles, thus
significantly promoting the cohesive force and compressive
strength of the expansive soil, and improving the free expansion
rate and immersion stability.

In addition, the incorporation of the SSH made the whole
reaction system produce a large number of crystalline
compounds such as Cag(SigO;7)(OH), and Al,SiOs. These
substances had significant bonding properties and strength,
which can further enhance the binding ability of expansive soil

RSC Adv, 2022, 12, 30817-30828 | 30825
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particles. A large number of dispersed soil particles were con-
nected to form a spatial network of large particles, which filled
the pores between soil particles and made the overall structure
compact. In addition, the composite salt substance formed can
form a good wrapping effect on soil particles, thus reducing the
soil expansion potential and playing a protective role of water
isolation.

Therefore, compared with the use of quicklime alone, the
incorporation of the SSH can further enhance the mechanism
of ion exchange, soil particle connection and envelope protec-
tion to solve the problem of insufficient immersion stability of
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the expansive soil, meanwhile further improving the free
expansion rate and compressive strength.

4. Implication

(1) The slag soil hardener (SSH) solved the defect of insufficient
immersion stability of expansive soils in the original improve-
ment methods. Combined with this research applied to the
industrial scene, the research can be applied to the actual
engineering, especially in the rainy climate region, through the
actual operation of spraying, rotary tillage, sealing, roller

© 2022 The Author(s). Published by the Royal Society of Chemistry
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compaction and regional maintenance on the expansive soil
area. In addition, the process is simple and raw materials are
easy to obtain, which has the characteristics of green, environ-
mental and efficient treatment.

(2) According to statistics, the cover area of the expansive soil
in China is more than 60 000 km?* and the amount is as high as
1.6 x 10™ t, which caused annual economic losses of more than
$15 billion.*® Therefore, this research can significantly improve
the economic benefit, and the slag soil hardener (SSH) is made
of solid wastes, which can achieve the double benefit of treating
waste with waste.

5. Conclusions

(1) The research solved the problem of expansive soils in a green
and efficient way, and the optimal technological conditions
were expansive soil/SSH/quicklime = 92/4/4 (mass ratio).
Through spraying, rotary tillage, sealing, compaction and
regional conservation, the free expansion rate was reduced from
45.90% to 4.4%, compressive strength was enhanced from
2.53 MPa to 6.69 MPa, and no splitting after immersion under
the ratio.

(2) The proportion and hydrophilicity of montmorillonite in
the whole system were greatly reduced in the incorporation of
SSHs, and the mechanisms of ion exchange, soil particle
connection and wrapping protection were further enhanced;
meanwhile, composite salt crystalline compounds such as
Cag(Sic017)(OH), were generated.

(3) The research can be applied to the practical engineering
application of the expansive soil in the rainy climate, which can
recover the economic losses caused by it of about $15 billion
based on the existing volume and realize the treatment of waste
with waste, which has dual economic and environmental
benefits.
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