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Abstract: Expansive soil swells with water and shrinks with water loss, causing serious safety
problems for construction projects. This study emphasizes alkali-activated binder (NaOH excited fly
ash) stabilized expansive soil. We found that swelling decreased with an increase in the amount of
NaOH in alkali-activated binder. It was found that the alkali-activated binder stabilized expansive
soils (AABS) had higher shear strength than untreated expansive soils (US), manifested by increased
cohesion and friction angle. In AABS, the highest cohesion and the highest shear strength were
found when the NaOH mass was 6% of the fly ash mass. The strength of AABS was similar to
that of US without curing. AABS had higher strength than US after 7 and 14 days of curing. The
unconfined compressive strength increased with extension of curing time. Combined with XRD
and SEM analysis, it was shown that the mechanism of AABS was the formation of C-5-H and
(C,N)-A-S-H and the change in the internal structure of expansive soil. This investigation can solve
both the expansive soil problem and provide new concepts for green development.
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1. Introduction

Expansive soil is a kind of clay soil that changes with a change in water content.
It expands when it meets water and shrinks when it loses water. It has the characteris-
tics of multiple cracks and overconsolidation. A large number of cracks will destroy the
integrity of the soil and affect the physical and mechanical properties of the soil. Overcon-
solidation causes expansive soil to have greater strength and stress [1]. Expansive soils
have hydrophilic minerals such as montmorillonite and illite, especially montmorillonite,
which exhibits a greater potential for expansion at higher water content and has a higher
sensitivity to water [2,3]. The uneven distribution of water in expansive soil leads to
a great difference in the expansion and contraction rate of expansive soil, which leads
to an irregular distribution of cracks and the instability of the soil after repeated water
losses [4]. In the case of a high water content, the soil expands and bulges, making the
superstructure rise; when the water content is small, the expansive soil will rapidly depress
causing the building to settle, often leading to disasters that cause a serious threat to people
and property [5-7]. A common treatment method in construction is to handle expansive
soils with lime and cement, which can effectively inhibit the expansion of the soil and
provide significant strength increases [5,8]. Unfortunately, these two materials consume
large amounts of limestone, electricity and heat in their production, with 7500 J/ton of
electricity consumed to make cement [9]. The use of lime and cement produces carbon
dioxide, sulfur dioxide and other dust that affects air quality and that have a deleterious im-
pact on the environment. Of these emissions, carbon dioxide accounts for 8-10% of global
emissions [10-12]. The search for a new type of modified material with good improvement
effects and one that is environmentally green, is therefore particularly important. Alkali-
activated binders, also known as alkaline cements, can effectively replace cement and lime
to stabilize soils, reducing greenhouse gas emissions by up to 80% compared to Portland
cement applications [13]. The alkali excitation process means that the material containing
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amorphous silica (SiOy) and alumina (Al,O3) is placed in an alkaline environment, and in a
system with high calcium (i.e., more calcium ions are present in the material), the C-A-5-H
generated is similar to the C-S-H generated by the hydration of Portland cement [12,14].
C-A-S-H has adhesive properties, which can fill the internal pores of soil and improve the
overall strength and durability of soil samples [15]. In this sense, alkali excited industrial
waste can replace cement to stabilize expansive soil and other characteristic soils. Recently,
alkali-excited industrial wastes have received much attention.

Yi et al. [16] stabilized soft soils using alkali-excited ground granulated blast furnace
slag, with Polish special cements as a control group and alkali activator selected as NaOH,
CS, NapCOs, and NapSQy, respectively. The unconfined compressive strength test (UCS)
showed that Na, CO3-GGBS had no stability effect on the soil sample. The strength of
NaOH-GGBS was higher than that of cement stabilized clay in the first 90 days, but
weaker than that of cement stabilized clay in the later period. The UCS of CS-GGBS
stabilized clay at 90 and 180 days was significantly higher than that of cement stabilized
clay. The 7-day and 28-day UCS were significantly lower than those of cement-stabilized
clay. Rivera et al. [17] found in the SEM test that a dense contact layer was formed between
the generated calcium silicate gel and the soil particles, which was caused by the hardening
of gel generated by the reaction of volcanic ash. Miraki et al. [18] found that C-S-H
and C—-A-S-H could be generated under sufficient Ca, Na, Si and Al elements by NaOH
excitation of volcanic ash (VA) and slag (GGBS), and the condensation hardening of both
could reinforce the internal structure. In the dry and wet cycle test, it was found that with
the combination of VA and GGBS, GGBS played a major role, and the soil did not meet
the specification requirements when no GGBS was involved. Syed et al. [19] stabilized
expansive soils by combined excitation of low-calcium fly ash with NaOH and Na,SiO3
showed that alkali-activated binders could improve California bearing ratio (CBR) and
UCS by generating filled pores like C-S5-H, and reducing swelling by gel wrapping around
the surface of soil particles. Adeyanju et al. [20] stabilized soft soils by NaOH excited
cement kiln dust (CKD) and CKD + rice husk ash (RHA) revealed that CKD was stronger
than CKD + RHA in stabilizing soils. Bruschi et al. [21,22] stabilized the silt by NaOH
excitation of sugarcane bagasse ash (SCBA) and carbide lime (CL) which was found to
improve strength and durability. The main components of fly ash are SiO, and Al,O3, with
amorphous and crystalline minerals co-existing in fly ash [23]. It is simply a non-plastic,
finely pulverized sand whose composition depends on the type of coal being burned. The
current production of fly ash in China greatly exceeds its consumption. In previous studies,
it was found that SiO; and Al,O3 in low calcium fly ash met the requirement of alkali
excitation. The new material generated from the activation of fly ash by NaOH is similar to,
but not identical to, the product of cement setting and hardening [24,25], so it is believed that
the improvement of expansive soil also has the same effect. Alkali-activated binders have a
similar effect to cement but are less expensive to produce and more eco-friendly [26,27].
The ability of the generated gel to improve shear and compressive strengths makes AAB
promising for application. In China, the utilization rate of low-calcium fly ash is lower due
to its own low calcium oxide content. In order to improve the utilization of low-calcium
fly ash, this was selected as the material for this test. Hence, this study was conducted to
stabilize expansive soil by NaOH excited low calcium fly ash as alkali-activated binders.

2. Materials and Methods
2.1. Materials

The expansive soil in this test was obtained from the northern part of Xinxiang City,
Henan Province, and was excavated underground at a distance of 1.5-2 m from the ground
surface. The expansive soil at this site contained white and green calcareous nodules inside.
The expansive soil was dried for 48 h and then ground, and soil with particle size less
than 2 mm was used to prepare for the test, and the geotechnical testing was carried out
on the recovered soil samples according to the Standard for Geotechnical Test Methods
(GB/T50123-2019), and the basic physical properties of the soil are shown in Table 1.
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Table 1. Basic parameters of expansive soils.

Free Swelling Liquid Plastic Plasticity = Maximum Dry  Optimum Moisture Specific Classification
Rate Limit/% Limit/% Index Density/(g/cm?) Content/% Gravity of Soil
55 44.52 17.39 27.13 1.61 20 2.76 CH

Fly ash is a pulverized solid formed after burning coal in thermal power plants, which
is a waste, and if left untreated will have a negative impact on the environment, and
recycling, and its disposal will waste a lot of energy and money. According to Fly ash Used
for Cement and Concrete (GB/T1596-2017), the stabilizing agent selected low-calcium fly
ash, which was purchased in Xinxiang City. The technical indeXx, loss on ignition values
and strength activity index of the selected low-calcium fly ash is Grade 1, 2.4% and 89%,
respectively. The chemical composition of fly ash is shown in Table 2. In this study, NaOH
(analytical pure) were utilized as alkaline activator solutions. In order to keep the same
units in NaOH and fly ash, we chose to add it in solid form.

Table 2. The chemical characterization of fly ash.

Composition Wight/%
S50, 56.01
AlLO3 30.27
Fe203 4.36
CaO 2.36
KO 1.71

2.2. Sample Preparation

In this study alkali-excited fly ash as alkali-activated binder (A AB) stabilized expansive
soil, the testing was divided into three groups in order to be able to better compare and
highlight the advantages of AAB. The first group was untreated expansive soil, named
US, and the second group was stable expansive soil with fly ash only, without adding
NaOH, named FS. The third group was AAB stabilized expansive soil, after addition of
the same fly ash as the second group to the expansive soil, and different masses of NaOH.
The mass of NaOH in the third group was 4%, 6%, 8% and 10% of the mass of fly ash. The
AAB stabilized soils were named AABS1, AABS2, AABS3 and AABS4 according to the
increasing NaOH content. Specific material percentages are shown in Table 3.

Table 3. Percentage of materials in different groups.

Expansive Soil,

Notation WY Fly Ash, wt.%  NaOH, wt.% Wis
Untreated expansive
soil (US) 100 0 0 0.2
Fly ash stabilized
expansive soil (FS) o 9 0 0.2
AAB stabilized
expansive soil (AABS1) 90.64 9 0.36 0.2
AAB stabilized
expansive soil (AABS2) 90.46 9 0.54 0.2
AAB stabilized
expansive soil (AAB3) 9028 9 0.72 02
AAB stabilized
expansive soil (AAB4) 20.1 9 0.9 0.2

In this study, soil samples were prepared with reference to the standard for Geotechni-
cal Test Methods (GB/T50123-2019). The expansive soil and fly ash used in the tests were
dried in an oven at 110 degrees C. After cooling, the expansive soil was ground with a
rubber hammer and stone mortar and passed through a 2 mm sieve, and the soil with a
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particle size of less than 2 mm was prepared for sample making. The expansive soil and
fly ash were mixed in accordance with the proportions required in Table 3 and dissolved
with the weighed NaOH in water. After waiting for the exothermic reaction to finish, the
solution was mixed with the solid and stirred well. It was then sealed for one day to finish
the samples. Different specimens were prepared according to different tests. The swelling
test and the straight shear test required the mixed soil to be made into specimens with a
diameter of 61.8 mm and a height of 20 mm. The unconfined compressive strength test
required the specimens to be made with a diameter of 39.1 mm and a height of 80 mm.
After demolding, it was placed in a curing oven at a temperature of 20 + 2 °C with an
humidity of more than 95% and cured according to the test plan.

2.3. Experimental Work

In this experiment, the effect of AAB on the swelling of expansive soils was measured
using two swelling tests, and the effect on the shear strength and compressive strength of
expansive soils was measured by two mechanical tests. The unloaded swelling rate test was
performed by placing the soil sample in water, limiting the lateral deformation and allowing
only upward swelling, and expressing the swelling by the height of upward growth. The
loaded swelling rate was measured using the upward height swelling under the influence
of the upper load after the soil sample was placed in water, limiting the lateral deformation
and placing a fixed load on the upper part of the soil sample. The straight shear test was
performed by shearing the soil sample at four different vertical pressures to obtain the shear
strength and derive the cohesion and friction angle from the molar circle. The unconfined
compressive strength is a method that quickly measures the compressive strength of soil.
This test compares the growth of compressive strength under different curing times by
unconfined compressive strength. XRD offers useful information on structure, phase,
texture and other structural parameters [28,29]. XRD analysis was performed using a
Burker LYNXEYE diffractometer to determine the mineralogy of untreated expansive
soils and AAB treated soils. The scanning speed was 0.08° /s and the scanning angle was
5°-70°. The microstructural changes of the specimens were analyzed by scanning electron
microscopy (SEM) and the effect of adding AAB to the expansive soil was analyzed.
Scanning electron microscopy analysis of soil surface morphology used field emission
scanning electron microscopy. The surface of the soil samples were magnified 500 times,
1000 times, 2000 times and 3000 times, respectively [30].

3. Results and Discussion
3.1. Unloaded Swelling Rate Test

In order to reduce the test error, the swelling tests were taken for each group of three
specimens in parallel, and the average value was taken as the final result. Figure 1 shows
the results of the unloaded swelling rate test for each group. The unloaded swelling rate
of US is 9.1% and the unloaded swelling rate of FS is 7.3%, The addition of fly ash to
expansive soils can reduce the unloaded swelling rate by 1.8%. It was believed that fly
ash had a smaller particle diameter and larger specific surface area, which could fill the
pores of clay better and inhibit the entry of water. In all AABS, the unloaded swelling rate
becomes smaller compared to FS. The unloaded swelling rates of AABS1, AABS2, AABS3,
and AABS4 were 5.97%, 5.23%, 4.75%, and 4.51%. Compared to FS, the unloaded swelling
rate decreased by 3.13%, 3.87%, 4.35% and 4.59%. The difference in the unloaded swelling
rate between FS and AABSI is 1.33%, while the difference in the unloaded swelling rate
between AABS3 and AABS4 is only 0.24%. It is believed that the NaOH content in AABS
had an effect on the swellability of the clay, and a smaller NaOH content can promote the
reduction of swelling. It was found that alkali excitation could cause the unloaded swelling
rate to decrease, but the rate of decrease appeared to slow down as the NaOH content
increased. this is in accordance with reference [31]. Therefore, there should exist an optimal
value of alkalinity in AAB to achieve the optimal economy and effect.
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Groupings
Figure 1. The results of the unloaded swelling rate tests for each group.

3.2. Load Swelling Rate Test

When the load exists in the upper part of the expansive soil, the gravity of the load
can produce a certain inhibitory effect on the expansiveness of the expansive soil. The
overlying loads were set at 25 kPa and 50 kPa for this experiment. The test results are
shown in Figure 2 below. The swelling rate was 2.63 kPa for US and 1.82 kPa for FS
when the overlying load was 25 kPa, and the swelling rate decreased by 0.81 kPa when
there was no alkali excitation. When the overlying load of all samples was 25 kPa, the
swelling rates of AABS1, AABS2, AABS3, and AABS4 were 1.12%, 0.56%, 0.36%, and 0.18%,
respectively, which were 0.7%, 1.26%, 1.46%, and 1.64% lower compared to the swelling
rate of FS. Although NaOH can make the swelling rate decrease further, it still has certain
swelling properties under a 25 kPa overburden load. The swelling rate is 1.46 kPa for US
and 1.06 kPa for FS when the overlying load is 50 kPa, and the swelling rate decreases by
0.4 kPa. The expansibility of AABS2 and AABS3 is almost 0, indicating that there is no
expansibility at this point, and the expansion force is consistent with the upper pressure.
When the overlying load was 50 kPa, the swelling rate of AABS4 was —0.07%. It is indicated
that AABS4 can be considered as non-swelling when the upper load is greater than 50 kPa.
Because the force generated by the swelling is less than the gravity of the upper load,
the swelling is suppressed and cannot be generated. Comprehensive analysis of the two
swelling tests shows that both FS and AABS can reduce the swelling of expansive soils, and
AAB has a better effect.

The analysis shows that on the one hand, FS reduces the expansibility because fly ash
does not have the expansibility itself, but replaces part of the expansive material and covers
the clay with a large specific surface area, which prevents part of the water from entering
the soil interior and thus restrains the expansion of the soil sample. On the other hand,
fly ash contains more high valence ions, Ca?* and Mg?* replace Na* and K* inside the
expansive soil, which makes the double electron layer thinner, thus reducing the generation
of swelling stress. Because low calcium fly ash has less calcium oxide content and poor
early activity, it cannot react with silica and alumina in the soil interior, so fly ash mainly
relies on pore filling and ion exchange to reduce swelling [19,32].

The analysis concluded that in AABS, NaOH can provide a strong alkaline environ-
ment, which induces the chemical reaction of amorphous silica and alumina in fly ash to
generate substances such as N-A-S5-H, C-S5-H, which enhance the connection between soil
interiors and between soil and fly ash, and these hydration products gradually solidify and
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harden under maintenance, and fill the soil interiors, creating a water-induced swelling
effect. The inhibition of water-induced swelling is achieved [33].

25 F

B 25 xpa
I 50 kPa
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o
(7]

1.0

Load swelling rate(%)

=
n

0.0

us FS AABSI  AABS2  AABS3  AABS4
Groupings
Figure 2. The results of the loaded swelling rate test for each group.

3.3. Direct Shear Test

Figure 3 shows the shear strength values of each group of soil samples under different
vertical pressures after 7 days of curing. The shear strength of US was the lowest, the
shear strength of FS increased but was limited, and the shear strength of AABS showed
a substantial increase. The overall strength showed a trend of first increasing and then
decreasing with the increase in NaOH mass in AABS. The shear strength of AABS2 was the
highest, and the shear strength of AABS was greater than that of FS.

400
—9—100 kPa
—a—200 kPa
350 | —9—300 kPa
—3—400 kPa
‘=
A 300 |-
22
b
=
o
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=
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Us AS AABS1 AABS2 AABS3 AABS4
Groupings

Figure 3. The shear strength of each group.

Figure 4 shows the variation in cohesion and friction angle of the soil samples. From
the perspective of cohesion and internal friction angle, the values of expansive soil are the
smallest, and there is a small increase in cohesion and the internal friction angle of FS. The
internal friction angle and cohesion were further enhanced in AABS, with AABSI reaching
a maximum internal friction angle of 34.58°, followed by a decrease in internal friction
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angle with the increase in NaOH. The cohesion of AABS2 was 109.09 kPa, which was the
maximum among all groups, after which the cohesion also appeared to decrease with
increasing NaOH. Friction angle and cohesion are important indicators of shear strength,
and they jointly affect the magnitude of shear strength. The cohesion and internal friction
angle of expansive soils are relatively minimal, so their shear strength is the lowest. AABS1
has a high friction angle but low cohesion, so the overall shear strength is not the highest.
The analysis shows that the low content of NaOH makes the environment alkaline which
cannot fully stimulate the low calcium fly ash to produce silicate gel, so the cohesion is not
high enough. However, the generated gel can also promote the connection between soil and
soil, and soil and fly ash [33], and the fly ash appears as microbeads, and the outer layer is
destroyed in the alkaline environment, increasing the contact with the soil, thus increasing
the internal friction angle. The NaOH in AABS2 can react with silica and alumina in fly
ash to produce appropriate amounts of calcium silicate hydrate (C-S-H) gels and sodium
aluminosilicate hydrate (N-A-S-H) gels. The gels can cement clay particles and fly ash,
thus improving the cohesion and friction angle of AABS2. The excessive amount of NaOH
in AABS4, means the surface layer of fly ash is destroyed, and the fly ash shows mutual
fusion and gels small particles into large agglomerates, so the friction angle decreases. The
excessive amount of NaOH destroys the adhesion between clay particles, so that the overall
cohesion of AABS appears to decrease. The type of damage in AABS4 is similar to alkali
contaminated clay [34].

36

oL =@=— Cohesion
—@= Friction angle  J 34

%]
105 | 1%
\ {30
- 28

85 | .
/ 420
80 |
L L L L 1 L 18

Us AS AABS1 AABS2 AABS3 AABS4

—

(=3

>
L]

cohesion (kPa)
N
7]}
o
Friction angle

-3
=
L]

Groupings
Figure 4. Cohesion and friction angle variation.

3.4. Unconfined Compressive Strength Test

Figure 5 represents the unconfined compressive strength of the groupings at different
curing times and shows that the overall compressive strength seems to increase with the
increase in curing time. When there is no curing, the FS strength increase is small and the
increase is mainly from the fill of fly ash. The fine particle size of fly ash fills in the middle
of the clay particles, improves the overall compactness of the soil sample and makes the
compressive strength increase, but the increase is limited. In AABS, NaOH reacts with
silica and alumina, respectively, and can generate C-S-H gels and N-A-S5-H gels, but the
products are not generated immediately, and need to react slowly over a period of time.
Therefore, the strength of AABS does not increase significantly when it is not cured. When
the content of NaOH is greater than 10% of the mass of fly ash, AABS will appear similar
to alkali contaminated soil. The NaOH will corrode the clay particles and dissolve the
cementing material in them, causing the internal structure of the soil to loosen and become
brittle as a whole, resulting in a loss of strength [27,34].
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Figure 5. Unconfined compressive strength at 0 days, 7 days and 14 days of curing.

After 7 days of curing, the strength of all groups increased compared with those
without curing. Poor early activity of FS leads to a slow reaction of volcanic ash, and
strength increase comes from filling with fly ash on the one hand, and ion exchange on
the other. The high valence ions CaZ, Mg2+ and Fe®* in fly ash exchange with the low
valence ions Na* and K* in the soil, reducing the thickness of the double electric layer
around the soil particles, thus improving the flocculation around the clay particles [27].
The alkaline excitation of fly ash in AABS accelerates the alkali excitation reaction, and
NaOH reacts with silica and alumina in fly ash to produce sodium silicate and sodium
meta-aluminate, respectively, which are mixed to produce N-A-S5-H gel. NaOH can also
react with other metal ions in fly ash, which in turn accelerates the hydration reaction and
hard coagulation. The generation of new substances such as N-A-S-H gel can enhance
the internal association of the soil and form agglomerates, which causes the compressive
capacity to increase significantly.

The compressive strength of FS was 213.6 kPa when not cured, and 290.7 kPa after
14 days of curing, which increased the strength by a total of 77.1 kpa or 36%. It can be seen
in the figure that after 14 days of curing, the compressive strength of fly ash soil shows
substantial increase, and it can be assumed that the rapid increase in strength of fly ash
improved soil is after 7 days. This is because it takes some time to harden via its own
solidification, and with the increase in curing time, the activity of fly ash is slowly excited
in the soil, the alkali excitation reaction is intensified, and the generated silica—alumina gel
fills the soil interior. This also proves that the early low-calcium fly ash is poorly active.
The strength of AABS still grows, but slows down after 14 days of curing, and the strength
of AABS is still higher than that of fly ash amended soil, which is because a large amount
of hydrated calcium silicate, calcium silicate gel and hydrated calcium aluminate in the late
stage of alkali excitation reaction binds with soil particles to form agglomerates, thus further
improving the strength of the amended soil. At the end of the reaction, the hydrolysis
products begin to solidify and harden, interlocking the soil’s internal mosaic of compact
structure, thus increasing the later strength.

According to two mechanical tests, it was found that there exists an optimum value for
the amount of NaOH in AABS. Too little NaOH is not significant for strength enhancement,
too much alkalinity also decreases the strength and the destruction results in brittleness.
After comparing the swelling and mechanical properties, AABS2 was considered to have
the best comprehensive effect. This conclusion is similar to the findings in [27,35,36].
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Flocculation
structure

3.5. Microstructure Analysis

To interpret the effect of AAB on the expansive soil further, US, FS and AABS2 were
selected as representative soil samples for microscopic qualitative analysis by SEM. The
following Figure 6 shows the images seen in US at different magnifications. Figure 6a
shows that there are more pores and cracks on the surface of the expansive soil, and the
internal denseness of the soil is very poor, and the pores are obviously irregularly arranged,
and can easily become a water passage to make the soil swell. Figure 6 shows the images
seen by US at different magnifications. The image in Figure 6a is magnified 500 times. There
are more pores and penetrating cracks on the surface of the expansive soil, the internal
denseness of the soil is extremely poor, and the pores are obviously irregularly arranged,
which can easily become a channel for excess water to make the soil swell. The pores appear
multi-layered on the surface of soil samples, and the soil samples of different layers are
superimposed by face-to-face contact, and the overall view shows a wave pattern, which
constitutes a turbulent structure, and is locally oriented and irregularly arranged as a whole.
The image in Figure 6b is magnified 1000 times, and shows that the surface of the soil
sample is curved, wrinkled and flattened, flattened less, mostly curved and wrinkled, and
the interior of the soil is mostly blocky with smooth edges. The image in Figure 6c shows the
surface of the soil sample at 2000 times magnification and the soil sample mostly exists in
flakes with a curved shape, and an overall thick structure. Flocculating materials (centered
on montmorillonite) can be found in the pores, and a small amount of montmorillonite
is distributed on the flakes. In Figure 6d, the accumulation of lamellae on the surface of
the soil sample can be observed at 3000 as stacked and scaled. The surface of the soil
sample becomes aggregated into large particles, and the lamellae between the particles
are stacked in face-to-face contact and the surface overlaps into edge-to-edge contact and
edge-to-surface contact, and point-to-point contact mainly exists near the pores and cracks.
Over all the expansive soil pores there are irregular structures and soil sample particles
with large specific surface areas that easily combine with water, resulting in swellability.

Scaly shape

montmorillonite

superimposed

Figure 6. Typical scanning electron micrographs of US: (a) 500 ; (b)1000x; (c) 2000 x; (d) 3000x.
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Fibrous gel

The microstructural morphology of FS is shown in Figure 7. The image in Figure 7a
is magnified 500 times and the sample state of fly ash can be clearly observed, showing
spherical microbead morphology. Because of the low viscosity of fly ash, the admixture of
fly ash increases the proportion of non-viscous material that fills in the structural pores,
making the FS relatively US denser. Fibrous gel can be observed on the surface of the soil
sample, which is the result of the alkali excitation reaction of fly ash. Figure 7b shows the
image with 1000 x magnification, and it can be seen that under the adhesive effect of the
gel, the fly ash and soil aggregate with each other and become larger aggregates. The large
pores in the soil sample are filled and this promotes the compactness of the soil sample.
Under the cementation of colloid, fly ash is embedded and fixed in the soil sample, and
the flake structure and flocculent structure of the soil sample bond into a smooth and a
smooth—massive structure. In Figure 7c, the fibrous gel image is magnified 2000 times, and
it can be observed that the fibrous gel can overlap with each other and form a “bridge”
between the fly ash and soil particles. It was also found that the generated gel can make
the spherical fly ash stack on top of each other and become a whole. In Figure 7d, it can be
observed that part of the gel clings to the fly ash and becomes the surface of the fly ash, thus
increasing the viscosity and a higher adhesion to the soil particles. The addition of fly ash
changed the original sample appearance of the soil sample, and the original flaky, stacked
and fish scale surface of the soil sample disappeared and became a smoother surface.
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Figure 7. Typical scanning electron micrographs of FS: (a) 500 x; (b) 1000 (c) 2000 x; (d) 3000x.

In conclusion, for the FS after 14 days of curing, it can be found that the low-calcium
fly ash has undergone an alkali excitation reaction in the soil, generating a small amount of
gel attached to the fly ash surface or forming a fibrous filling in the pore space. The addition
of fly ash on the one hand reduces the proportion of cohesive particles, which destroys
the original structure of the expansive soil and makes the internal structural arrangement
change. On the other hand, gel is located inside the soil to fill the pores and improve the
overall compactness, so that the strength can be further improved, and the swelling can be
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better resisted. However, fewer gels correspond to more limited strength increase. This is
the same as result as the mechanical test conclusion.

Figure 8 shows the microscopic images of AABS2. In Figure 8a, the fly ash in the form
of spherical microbeads is significantly reduced and the gel increases. The penetrating
fractures are reduced, but new tiny pores are created in the gel adhesion. Figure 8b shows
the image with 1000 times magnification, and it is possible to observe the fly ash that is
participating in the reaction. At this time, the fly ash has an overall round shape, but
the surface changes from smooth to rough, the NaOH erodes the surface and accelerates
the release of activity, and there are gels and newly generated substances attached to the
surface. Figure 8c shows the image magnified 2000 times, and a large fracture and many
fine pores can be observed. It is thought that the newly generated objects such as calcium
carbonate adsorbed by the gel have a filling effect on the small pores, and the effect on
the large fractures is not obvious. It can also be seen that the surface layer of the soil
sample is blocky as a whole, but the surface still shows smoothness in the area with few
relevant reactions, and in the area with concentrated reactions, the surface is disordered
and irregular. Figure 8d shows the image magnified 3000 times. It can be seen that calcium
carbonate and colloid are adsorbed on the surface of the soil sample, making the smooth
surface become irregular and cluttered.

Clay particle

The soil grain bonded to The soil grain

the colloid

Pore and fracture

bonded to the
colloid

Reacting fly ash

Reacting fly ash

Figure 8. Typical scanning electron micrographs of AABS: (a) 500 (b) 1000 (c) 2000x; (d) 3000x.

Looking at the internal changes of AABS2 as a whole, it was found that the outer
surface layer of fly ash is rapidly destroyed and the activity is released, accelerating the
generation of substances such as gel and calcium carbonate, and the generated substances
change the original structure of the soil sample and constitute a new irregularly ordered
structure. AABS2 becomes more irregular, disorganized and finely fragmented internally
in contrast to US. The stack and fish scale formed by sheet folding decreases, and the
block formed by gel and clay-like agglomerate accumulation increases. The microstructure
changes are similar to [37]. Long pores are reduced and more tiny pores and cracks are
created in the agglomerate. Considering that too many tiny cracks and pores make the soil
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sample brittle, the excessive addition of NaOH causes the soil to show overall brittleness
and strength loss.

3.6. X-ray Diffraction XRD

Figure 9 shows the XRD test results of representative soil samples, i.e., the mineral
composition of the samples. The presence of quartzite, calcite, montmorillonite and illite,
tobermorite and beidillite can be observed in the soil. Quartz is chemically composed of
silica, which comes from expanded clay and fly ash, and calcite is mainly composed of
calcium carbonate, which comes from the reaction of calcium oxide in fly ash to produce
an expansive clay. The presence of tobermorite [Ca5SicO14(OH);-4H,O] reveals the for-
mation of reaction products, since the low crystalline C-S-H resembles the structure of
this mineral [38]. Beidellite ((Na, Ca)Al;Si4O19(OH),) is formed by the presence of Ca?*
and Na™ cations in the reaction during alkali activation [39]. The presence of heterodyne
peaks between diffraction angles 20°—30° (20) is attributed to disordered structures and
highly amorphous contents (i.e., reaction products such as C-S-H and (C,N)-A-S-H [24,39].
The alkali excitation reaction can explain the formation of the above precipitates: (i) The
dissolution of SiO; and Al,Oj3 in fly ash in a strong alkali environment; (ii) A small amount
of CaO in fly ash reacts with silicate and aluminate monomers to form reaction products;
(iii) Some CaO reacts with silicate and aluminate monomers to form C-A-S-H, and some
CaO reacts with silicate monomers to form C-S-H; (iv) Na™* is used to balance the charge
and is absorbed by the silica-alumina phase to form N-A-S-H; (iv) Some Ca?* may dis-
place Na* to form C—A-S-H [19,40,41]. The presence of montmorillonite and illite is the
reason for the swelling of expansive soils, which has been undetectable in FS and ABBS. It is
thought that there are elements in the lattice of illite and montmorillonite that are replaced
during chemical reactions, and AI** and Si** in AI-OH octahedra and Si-O tetrahedra
in montmorillonite are easily replaced by low-valent ions such as Na* and Ca?* in fly
ash. SEM images (Figure 8) show the general morphology of the soil stabilized with the
alkali-activated binder. In all SEM images, the soil is embedded in a cementitious matrix
composed of reaction products. These products present a great compositional heterogene-
ity and amorphous structure, as seen in the XRD analysis. Results from the EDS analysis
resulted in the chemical map (Figures 10b and 11b). They show, respectively, the proportion
and concentration of the main chemical elements in the sample: silicon (Si), aluminum (Al),
sodium (Na) and calcium (Ca). These elements are distributed in the mixtures and indicate
the coexistence of C-S-H and (C,N)-A-S5-H, the latter incorporating sodium cations from
the activator [33].

: Quartz 2: Calcite
AABS : Illite 4: Montmorillonite

: Calcium Aluminum hydroxide
: Tobermorite

: Beidellite
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@
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Figure 9. XRD patterns of US, FS and AABS2.
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Figure 10. FESEM/EDS analysis of FS: (a) 3000 x; (b) chemical map.
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Figure 11. FESEM/EDS analysis of ABBS2: (a) 3000x; (b) chemical map.

4. Conclusions

This study examines the stabilization of expansive soil by NaOH excited fly ash as

a binder, which can consume solid waste, protect the environment, and provide a new
solution to replace cement and other substances. In this study, different amounts of NaOH
excited fly ash were selected to stabilize the expansive soils and to find the optimal NaOH
content to reduce the expansiveness of the soils and to improve the strength of the soils.
The following conclusions were obtained:

1.

According to the unloaded swelling test and the loaded swelling test, it was found that
AAB can further reduce the swelling property of the soil, but the swelling property
does not change significantly when the NaOH content is greater than 8%.
According to the straight shear test and unconfined compressive strength test, AAB
can improve the mechanical strength of soil, AABS2 can reach the maximum strength,
and more NaOH will make the soil sample brittle and cause strength to decline. Excess
NaOH decreases the cohesion and friction angle.

Microscopic tests demonstrated that the reactions in AAB produced C-S5-H and
(C)N)-A-S5-H, and that the new substances generated changed the internal structural
arrangement of the soil, filled the pores and created adhesion with the clay. After the
gel was hydrated and hardened, the high strength of the soil was ensured and the
newly generated gel wraps around the clay particles, thus suppressing the swelling
properties.

This study proposed an eco-friendly sustainable binder, which can be used to improve
the performance of expansive soil.
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