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Fly ash and lime have been frequently employed to reduce the swelling potential of expansive soils. Laboratory experiments,
scanning electron microscopy (SEM), and X-ray diffraction (XRD) were used in this study to investigate the stabilizing effect of fly
ash and lime on expansive soils in the Jianghuai undulating plain area. /e comparison was drawn between the variation laws of
physical parameters, mechanical properties, microstructure, and mineral composition of expansive soil before and after being
stabilized. Experimental results suggest that, after 5% lime is added based on fly ash, the plasticity index of the expansive soil
decreases by 64.9%, the free swelling ratio is reduced to about 10%, the unloading swelling ratio is reduced to nearly 4%, and the
stabilized soil no longer exhibits the expansive property. /e unconfined compressive and tensile strengths of the stabilized soil
increase first and then decrease with the rising in fly ash content. After the addition of 5% lime, both the unconfined compressive
and tensile strengths increase significantly. /e optimum modifier mixture ratio is obtained as 10% fly ash + 5% lime. /e SEM
images reveal that the microstructures of the stabilized expansive soil vary from an irregular flake-like and flocculent structures to
blocky structures, and the soil samples compactness is enhanced. XRD results indicate that quartz is the main component of the
stabilized soil. /ese are the underlying causes of the rise in the strength. /e conclusions of this study can be referenced for the
engineering design and construction of expansive soil in Jianghuai undulating plain area.

1. Introduction

Expansive soil refers to a type of clay with repeated ex-
pansion and shrinkage properties for its moisture variations
[1–4]. It is primarily composed of montmorillonite and illite
[5–9]. It was not until 1938 that the United States Recla-
mation Bureau initially discovered the problem caused by
expansive soils in a foundation engineering project in
Oregon. Since then, engineers have come to realize the
damage caused by the expansive soil. Engineering problems
caused by expansive soils are repetitive and permanent.
Damages to light buildings, foundation pits, and roadbeds
usually lead to serious consequences [10–13]. /is is because
the expansive pressure destroys the stress state and leads to
the instability of structures. /erefore, as an important

identification, there are many methods to measure the ex-
pansive pressure./e traditional methods include direct and
indirect measurements. /e direct measurement method
keeps the volume of soil sample unchanged by applying
constraint force in the direction of water absorption and the
constraint force is equal to expansive force [14]. /e indirect
measurement method is carried out by studying the re-
lationship between some parameters (initial moisture con-
tent, dry density, liquid and plastic limit, cation exchange
capacity, etc.) and the expansive pressure firstly, and then the
empirical fitting equation between these parameters and the
expansive pressure is established to predict and calculate
the expansive pressure [15]. With the development of
computer technology, artificial neural network (ANN), support
vector machine (SVM), and other artificial intelligence
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technologies have also been used in the prediction of pa-
rameters like the expansion potential in road geotechnical
engineering, which open up a new field for the research of
expansive soil [16].

/ere are two major theories of the expansion and
shrinkage mechanisms of expansive soil. One is the crystal
swelling theory of clay mineralogy [17], and the other is the
diffuse double layer theory of modern colloidal chemistry
[18]. Crystal swelling theory states that clay minerals exhibit
crystal structures, and flakes are found between the crystal
structures. In general, free cations are observed between the
flakes. After entering the flakes, the water molecules get
combined with the cations to form hydrated ones. /e more
hydrated the cations, the larger the distance between the
flakes will be. Macroscopically, this phenomenon is man-
ifested as soil swelling [19, 20]. Crystal swelling theory in-
terprets expansion mechanism of soils based on the crystal
structures, whereas it ignores the adsorption between clay
particles. Diffuse double layer theory states that the surface
of clay minerals is negatively charged, leading to the for-
mation of an electric field around the soil particles. /e
hydrated ions and polar water molecules are firmly adsorbed
on the surfaces of the particles to form a fixed layer. Outside
the fixed layer, the electrostatic attraction is low, and the
activities of hydrated ions and polar water molecules are
larger than those in the fixed layer, which leads to the
formation of a diffusion layer./e thickness of the combined
water film between the clay particles increases due to the
entry of water molecules, thus widening the spacing between
particles. From the macroscopical perspective, this phe-
nomenon is reflected as soil swelling [21].

In recent years, numerous methods of stabilizing ex-
pansive soil have been developed by many scholars. /eir
research results show that cement, lime [22], and fly ash [23]
are feasible to reduce the swelling potential of expansive soil.
To explore the stabilizing effect of fly ash on expansive soil,
Mir et al. [24] highlighted that the increase in the amount of
fly ash and stabilizing time led to the decrease in the
compression index and the consolidation coefficient. Bose
[25] reported that 20% fly ash downregulated the liquid limit
of expansive soil by 43%, the plastic limit by 52%, and the
plasticity index by 39%. As fly ash content was upregulated,
the unconfined compressive strength of the modified ex-
pansive soil first increased and then decreased. When the fly
ash content reached 20%, both the unconfined compressive
strength and the California bearing ratio (CBR value) of the
modified expansive soil reached their peaks. /e afore-
mentioned studies mostly focused on the comparative study
on the expansion index and themechanical properties before
and after soil was modified. /eir results all implied that
suitable fly ash can increase the unconfined compressive
strength. However, these studies lacked the analysis of the
mechanism of stabilizing expansive soil from the
microstructure.

For the stabilizing effect of lime on expansive soil, Sabat
[26] added 7% lime to the quarry waste and expansive soil
mixture, and the stability of expansive soil was enhanced.
/e liquid limit, the plastic limit, and plasticity index de-
creased from 60% to 25.2%, 32% to 22.8%, and 28% to 2.4%,

respectively. /e optimum moisture content was upregu-
lated with the lime content, and the maximum dry density
was downregulated as lime content increased. However, lime
exhibited poor stability as a modifier alone. /is defect is
crucial to engineering applications [27]. Wang et al. [28]
adopted lime and cetyltrimethylammonium bromide
(CTMAB) as modifiers to stabilize expansive soils in Hefei
area. Besides, the scanning electron microscopy (SEM) was
used to explain the mechanism of cation-modified expansive
soil from the perspective of microscopic morphology.
However, the application cost, environmental protection
and other factors of CTMAB as a chemical reagent in en-
gineering require further studies.

Some scholars studied the combined effect of fly ash and
lime on expansive soil stabilization. Zha et al. [29] studied
the free swelling ratio, the unloading swelling ratio, and the
expansion force of expansive soils combined with small
amounts of lime and fly ash./eir results showed that, under
the same fly ash content, these indicators decreased as more
lime was added (0%, 1%, 2%, and 3% in sequence), sug-
gesting that a small amount of lime combined with fly ash
can significantly inhibit the expansion and contraction of
expansive soil. Sivapullaiah and Jha [30] studied the mi-
croscopic mechanism of lime and fly ash by improving
expansive soil. /ey concluded that the variation of soil
strength with stabilizing time was primarily attributed to
cation exchange and flocculation. /is process helped so-
lidified soil particles to be combined with the cement
compound. /us, the soil strength was enhanced.

Besides the common modifiers such as lime and fly ash,
some advanced methods like alkali activation method [31]
and biological method [32] also have been studied. Each
method has its applicable scope. In engineering practice, the
best method should be selected after comprehensive con-
sideration of its construction difficulty, environmental effect,
project cost, and other factors.

Based on the engineering background in the Jianghuai
undulating plain area, this study aims to explore the vari-
ation laws of expansive potential, mechanical properties,
microstructure, and mineral composition of expansive soil
stabilized by fly ash and lime and then to assess the stabi-
lizing effect. /e rest of this research is organized as follows.
In Section 2, the materials used in the experiment and the
different mix proportions of modifier are described, and the
corresponding experiment ideas and actual operation pro-
cedure are presented. In Section 3, the experiment data are
combined to analyze the experiment results in detail. In
Section 4, the full text is summarized, and the conclusions
are drawn.

2. Methodology

2.1. Experiment Materials

2.1.1. Plain Soil. /e expansive soil employed in the ex-
periment was taken from a construction site in Shannan
New District, Huainan City. /is area belongs to Jianghuai
wave plain, where expansive soil distributes widely. /e soil
sample was 2–3 meters deep. To take out the soil sample, the
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weathered soil was excavated first. /e undisturbed soil was
yellowish brown and hard. /e physical parameters of the
soil sample are listed in Table 1, and the relevant classifi-
cation indicators of the expansive soil are listed in Table 2.

2.1.2. Fly Ash and Lime. XRD patterns of fly ash (F) and lime
(L) are given in Figure 1. It is suggested that the fly ash is
primarily composed of quartz and mullite, while lime mostly
contains portlandite and vanadium selenide.

2.2. Test Procedure

2.2.1. Physical Properties. /e plasticity index refers to the
difference between the liquid limit and plastic limit, in-
dicating the soil’s water content range in the plastic state./e
plasticity index is a vital indicator commonly used to assess
the swelling potential of expansive soils [33–35]. During the
measurement of plasticity index, the undisturbed soil was
placed in an oven for 24 h to be dried, pulverized, and
screened out through a 0.5mm sieve. /e soil was split into
two groups. In the first group, fly ash was added. /e
contents of fly ash were 0%, 5%, 10%, 15%, 20%, 25%, and
30% (mass ratio to dry soil), and seven samples were ex-
amined. In the second group, 5% lime (mass ratio to dry soil)
was added to each sample based on the first group. A total of
25% water was added to each sample, and the liquid and
plastic limits of soil were measured after the soil was sta-
bilized for 48 h. /e liquid and plastic limits of the two
groups of soil samples were measured using the liquid-
plastic limit combined method. Lastly, the water content was
plotted on the abscissa, and the fall depth of the cone was
plotted on the ordinate./e relationship curve was drawn on
the double logarithmic coordinate paper. /e water content
corresponding to the sinking depth of 17mm was the liquid
limit, and the water content corresponding to the sinking
depth of 2mm was the plastic limit. /e value was expressed
as percentage, which was accurate to 0.1.

/e free swelling ratio refers to the ratio between the
increased volume expanded in water and the original volume
of the artificially prepared dried soil samples. Soil samples
with the same mix proportion as mentioned were dried,
crushed, and then screened out through a 0.5mm sieve. /e
free swelling ratio of each soil sample was measured by using
a PZL-1 type swelling ratio tester and a 50ml measuring
cylinder with a minimum scale of 1ml. 30ml pure water and
5ml analytical NaCl solution at a concentration of 5% (to
accelerate the precipitation of soil particles) were added to
the measuring cylinder, and the soil sample was poured into
the measuring cylinder and then stirred evenly. /e mea-
suring cylinder wall was rinsed with water until the volume
of solution reached 50ml. Observing the volume of soil
samples after settling and stabilizing, the calculation formula
of free swelling ratio is expressed as follows:

δef �
V − V0

V0
× 100%, (1)

where δef denotes the free swelling ratio, accurate to 0.1%, V

is the volume of the soil expanded and stabilized in the

measuring cylinder, mL, and V0 is the volume of dry soil,
10mL.

/e unloading swelling ratio refers to the ratio between
the expanded volume for only one-way water absorption
under the condition of lateral limit without loading and the
original volume of the soil sample. Likewise, soil samples
with the same mix proportion as mentioned were dried,
crushed, and then screened out through a 0.5mm sieve. A
WZ-2 dilatometer was employed to measure the unloading
swelling ratio of each soil sample. Cylinder samples with a
diameter of 61.8mm and a height of 20mm were prepared.
Samples were put into the WZ-2 dilatometer with dial gauge
accurate to 0.01mm, water was filled into the container from
the bottom to the top, and the water surface was kept 5mm
above the surface of the sample. /e data of dial gauge were
recorded until the difference was below 0.01mm. /e test
diagram is given in Figure 2, and the formula of unloading
swelling ratio is written as

δe �
Z1 − Z0

h0
× 100%, (2)

where δe denotes the unloading swelling ratio at time t, %; Z1
is the dial gauge data at time t, mm; Z0 is the original data of
the dial gauge, mm; and h0 is the original height of the
samples.

/e test procedures were performed rigorously following
the GB/T 50123 -- 1999 Standard for Soil Test Method [36].

2.2.2. Mechanical Properties. A total of 7 samples with
different mix proportions (plain soil, 10% F, 20% F, 30% F,
10% F+ 5% L, 20% F+ 5% L, and 30% F+ 5% L) were used to
test the mechanical properties of the stabilized soil. Cylinder
samples with a diameter of 50mm and a height of 100mm
were used for unconfined compressive strength test and
cylinder samples with a diameter of 50mm and a height of
25mm were used for the Brazilian splitting test. All samples
were kept with the moisture content of 25%./e unconfined
compressive strength and Brazilian splitting tests were
performed using a UTM4204 universal test machine, and the
loading rates were 2mm/min and 1mm/min, respectively.

Four parallel tests were performed for each test. To
evaluate the regularity of test data, Cv (coefficient of vari-
ation) in statistics was employed to measure the dispersion
degree of data, which is expressed as

Cv �
SD
MN

× 100%, (3)

where SD denotes the standard deviation and MN is the
mean value.

2.2.3. Microstructure and Mineral Composition. /e plain
soil, 10% F, and 10% F+ 5% L-modified soil were taken as
three groups of representative soil samples to analyze mi-
crostructure and mineral composition. Under a Flex-
SEM1000machine, the microstructures of the plain soil, 10%
F, and 10% F+ 5% L-modified soil were investigated. Before
the SEM test, the soil sample was polished and then plated
with gold for 120 s to enhance its conductivity. /e
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acceleration voltage of SEM analysis was set to 10 kV. When
the XRD test was performed, the soil sample was placed on
the stage following the corresponding operating procedures.
/e scanning angle range was set as 3° to 70°, and the XRD
diffraction peak spectrum of each sample was characterized.
After the search conditions were set, the corresponding test
data were imported into Jade 6.5, and the phase was
analyzed.

3. Result Analysis and Discussion

3.1. Analysis of Physical Properties

3.1.1. Liquid Limit, Plastic Limit, and Plasticity Index Var-
iation Laws. /e variation laws of liquid limit (LL), plastic
limit (PL), and plasticity index (PI) of pure fly ash-
modified soil and fly ash-lime combined modified soil are
shown in Figure 3. Under the condition of pure fly ash, the
LL of the modified expansive soil gradually decreases with
the rising percentage of fly ash. /e LL of expansive soil is
48.26% under the fly ash content of 0% (plain soil). When
the fly ash content is upregulated to 30%, the LL reduces to
43.07% and decreased by 10.8%. /e PL of the modified
expansive soil rises gradually with the fly ash percentage.
/e PL is upregulated from 23.35% (plain soil) to 26.51%
(30% F added), and the PL increased by 13.5%. /e
variation laws of LL and PL lead to a significant decrease
to the PI of the modified soil, from 24.91 (plain soil) to
17.4 (25% F added) and 16.58 (30% F added). /e PI
indicates the moisture content range of soil in the plastic
state. When the PI decreases, the moisture content range
for soil in the plastic state is reduced. /is leads to a
decreasing content of bound water and clay minerals
(montmorillonite mainly) in the soil, thereby reducing the
soil’s characteristics of water absorption and expansion.
According to Table 2, when the PI is less than 18, the soil
sample is no longer expansive. /erefore, when the
content of pure fly ash exceeds 25%, the soil sample does
not belong to expansive soil.

After the addition of lime, the variation of the LL of
expansive soil is slightly affected. /e LL of the modified soil
is reduced from the initial 48.26% to the final 45.11%, which
only decreases by 6.5%./e PL of the modified soil increases
from 23.35% (plain soil) to 36.37% (30% F+ 5% L added),

and the increase rate reaches 55.8%. At the addition of 5%
F+ 5% L, the PI drops significantly to 14.16 (less than 18)
and the PI decreases to the lowest value of 8.74 at 30% F+ 5%
L content. /erefore, after the addition of 5% lime on the
basis of fly ash, all the soil samples no longer belong to
expansive soil. Experimental data indicate that adding lime
on the basis of fly ash can significantly reduce the swelling
property of soil.

/e diffuse double layer theory states that, when the
water molecules and cations in the fixed layer and diffusion
layer distribute close to the surfaces of the soil particles, the
arrangement will be tidy and tight and mobility will be low.
/e strongly bound water represents the water in the fixed
layer, and the weakly bound water corresponds to the water
in the diffusion layer. /e thickness of water film of the
diffusion layer significantly affects the engineering proper-
ties of the clay. For the thickness of the diffusion layer is
large, the plasticity of the soil is high and expansion and
contraction are strong. Lime and fly ash contain numerous
high-valent cations, and the diffusion layer is thinned with
the rising in the concentration of high-valent cations in the
diffusion layer to reduce the PI and swelling potential of the
soil.

3.1.2. Free Swelling Ratio Variation Laws. /e comparison
of the two groups of experimental free swelling ratio data is
drawn in Figure 4. /e free swelling ratio decreases
gradually from 59.4% of plain soil to the final 32.1% with
the rise in fly ash content in the first group (0% L), marking
a decrease by 46%.When the content of fly ash reaches 20%,
the free swelling ratio of the modified soil is 35.3%, less than
40%, and it is speculated that the modified soil did not
belong to the expansive soil. After the addition of 5% lime
in the second group (5% L), the free swelling ratio drops
sharply to approximately 10% and then remains stable. /e
free swelling ratio no longer decreases as fly ash content
rises.

3.1.3. Unloading Swelling Ratio Variation Laws. Figure 5
shows the relationship among the unloading swelling ratios
of three typical soil samples (plain soil, 30% F-modified soil,
and 10% F+ 5% L-modified soil) over time. It is suggested
that the soil in the first 50 minutes is in a rapid swelling
phase, and most of the volume swelling is completed in this
period. With the addition of fly ash and lime, the initial
unloading swelling ratio decreases significantly. /e
unloading swelling ratio of the soil samples slowly increases
over time until they are stabilized.

Figure 6 shows the variation of the unloading swelling
ratios of the two group soil samples. When the first group is
blended with 5% fly ash, the unloading swelling ratio of the
soil samples significantly decreases from 13.13% to 7.38%.

Table 1: Physical parameters of expansive soil.

Moisture content w

(%)
Density (ρ/g/

cm3)
Dry density (ρd/g/

cm3)
Specific gravity

(Gs)
Saturability, Sr

(%)
Porosity, n

(%) Void ratio e

24.1 1.98 1.60 2.73 92.7 41.5 0.711

Table 2: Classification indicators of expansive soil.

Indicator
Swelling potential level
Weak Moderate Strong

Liquid limit (%) 40–50 50–70 >70
Plasticity index 18–25 25–35 >35
Free swelling ratio (%) 40–65 65–90 >90
Total ratio of swelling-shrinkage (%) 0.7–2.0 2.0–4.0 >4.0
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Afterwards, it shows a slow fluctuation decline and finally
reaches 5.88%. After the addition of 5% lime in the second
group, the unloading swelling ratio of the soil samples is
downregulated rapidly and reaches a minimum of 4% when
10% F and 5% L are added. According to the test results,
when 5% lime is added with fly ash, the unloading swelling
ratio decreases significantly.

3.2. Analysis of Mechanical Properties

3.2.1. Unconfined Compressive Strength Variation Laws.
Figure 7 shows the stress-strain relationship between plain
soil and soil stabilized by fly ash and lime with different mix
proportions. It is suggested that the stress-strain curves of
plain soil and pure fly ash stabilized soil are obviously split
into three stages (including the elastic stage, the plastic stage
and the failure stage). In the plastic stage, when the plastic
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Figure 1: XRD patterns of (a) fly ash and (b) lime.
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strain ranges from 4% to 10%, the stress is almost unchanged
and an obvious yield platform appears. After the addition of
lime, the variation laws of stress and strain of the stabilized
soil are obviously different, only for two stages (the elastic
stage and the failure stage). /e unconfined compressive
strength decreases immediately after reaching the peak,
exhibiting obvious brittle failure.

Figures 8 and 9 show the unconfined compressive
strength variation laws of stabilized soils with different mix
proportions under 7 and 28 days of stabilizing, respectively.
It is suggested that the variation laws of unconfined com-
pressive strength under different stabilizing time show a
consistency. When fly ash is added separately, the un-
confined compressive strength of stabilized soil increases

first and then decreases as fly ash content is upregulated.
When 10% F is added, the strength of the stabilized soil
reaches its peak value, 176.96 kPa (7 days) and 588.00 kPa
(28 days), respectively. /e strengths of 20% F and 30% F
stabilized soils (135.56 kPa, 137.73 kPa, 7 days; 396.75 kPa,
360.20 kPa, 28 days) decrease compared with those of plain
soil (168.83 kPa, 7 days; 473.25 kPa, 28 days). /is is because
the fly ash exhibits very low internal friction angle and
cohesion, and its engineering properties are similar to those
of silty soil. /e excess unhydrated fly ash particles reduce
the strength of the system. It can be concluded that after the
fly ash content reaches over 10%, the excess fly ash negatively
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affects the compressive strength of the stabilized soil, and
there is an optimal value of fly ash content around 10%.

After the addition of lime based on the fly ash modifier,
the compressive strength of the stabilized soil significantly
increases. /e test data show that, under the condition of
10% F+ 5%, the strength of the stabilized soil is the highest,
581.46 kPa (7 days) and 936.80 kPa (28 days), respectively.
/is is because lime hydration produces more Ca2+, which
promotes the ion exchange of the system and pozzolanic
reaction, and produces more cementing materials, thus
enhancing the strength.

To analyze the effect of stabilizing time on unconfined
compressive strength, Figure 10 shows the variation laws of
unconfined compressive strength under the stabilizing time
of 7 days and 28 days. It is suggested that, after the addition
of pure fly ash, the strength of the sample increases sig-
nificantly in 28 days by 232.28%, 192.68%, and 161.53%,
respectively, suggesting that the hydration reaction of fly ash
takes a long time. After the addition of lime, the strength of
samples increased by 61.11%, 95.55%, and 116.66%, re-
spectively. /e strength is enhanced in a relatively slow
manner, revealing that the early strength of lime-stabilized
soil has already reached a high value, and lime has a sig-
nificant effect on the early strength.

To further study the failure patterns, the failure strain of
soil samples stabilizing for 7 days and 28 days is summarized
in Figures 11 and 12. With the rise in fly ash content, the
failure strain decreases from 9.64% to 6.49% (7 days) and
5.82% to 5.10% (28 days), respectively. /is is because fly ash
is similar to silty soil and its plasticity is lower than that of
plain soil, thus leading to the reduction of plasticity of
stabilized soil. After the addition of lime, the failure strain is
significantly reduced, also suggesting that lime promotes the
pozzolanic reaction to some extent, resulting in more strong
and brittle cementing materials. Figure 13 shows the vari-
ation laws of failure strain with stabilizing age. For plain soil

and pure fly ash stabilized soil, the plasticity is gradually
downregulated with the rise in the stabilizing age. Ac-
cordingly, the failure strain can reflect the completion degree
of the chemical reaction in the stabilized soil system to some
extent. It is noteworthy that, after the addition of 5% L, the
28-day failure strain increases conversely (Figure 13).
Combined with Figure 10, it is suggested that, under the age
of 28 days, the strength and failure strain of fly ash-lime
combined stabilized soil all increase, so the elastic modulus
of stabilized soil is relatively stable. /is figure reveals that
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Figure 9: Unconfined compressive strength curve of stabilized soil
(28 days).
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the hydration reaction rate of the stabilized soil is faster in
the early stage after adding lime and remains stable after
that. /us, lime helps upregulate the rate of early hydration
reaction.

3.2.2. Brazilian Splitting Strength Variation Laws. /e
tensile strength of soil samples measured in the Brazilian
splitting test can be calculated indirectly by the following
formula:

σt �
2P

π Dt
, (4)

where σt denotes the indirect tensile strength of soil
samples, P is the failure loading, and D and t are the
diameter and thickness of samples, respectively. When
calculating indirect tensile strength using the formula,
two basic assumptions should be satisfied: (1) samples are
homogeneous and isotropic material; (2) the macroscopic
cracks caused by the failure of the sample start from the
central point of the disk. Tavallali and Vervoort [37, 38]
found that the macroscopic cracks formed on the disk
surface were primarily related to the following three
typical failure mechanisms (Figure 14). During the test, it
was observed that the through-crack of the sample was
generated from the central position first and then grad-
ually expanded to the upper and lower end surfaces with
the increase of loading, exhibiting a typical tensile failure.
/us, the test is consistent with the basic assumption of
Brazilian splitting test strength calculation formula. /e
final failure patterns of samples are illustrated in
Figure 15.

/e stress-strain curve of the Brazilian splitting test is
plotted in Figure 16. It is suggested that the splitting process
of plain soil exhibits an obvious stress platform stage. After
adding fly ash only, there is a small range of stress drop with
the rise in the strain, whereas it still has residual strength.
After the addition of 5% lime based on fly ash, the tensile
strength of the samples is significantly upregulated and
immediately downregulated after the peak strength reaches.
/ere is no corresponding residual strength, exhibiting
obvious brittle failure.

Figures 17 and 18 give the curves of strength and
failure strain variations of samples with different mix
proportions. /e variation law of Brazil splitting strength
curve is consistent with that of the compressive strength,
and the tensile strength first increases and then decreases
as fly ash content is upregulated. However, the difference
is that the peak tensile strength (125.44 kPa) appears at
20% F when pure fly ash is added. After the addition of
lime, the tensile strength of the stabilized soil increases
significantly. Under the condition of 10% F + 5% L, the
tensile strength reaches the peak value (342.38 kPa). /e
failure strain of Brazilian splitting test first decreases and
then increases with the addition of modifiers under dif-
ferent mix proportions, reaching the lowest value (2.83%)
under 10% F + 5% L.

It is concluded after comprehensive analysis of un-
confined compressive and splitting tests that, under the
condition of pure fly ash, fly ash content between 10% and
20% is the optimal mix proportion. In the fly ash and lime
combined improvement system, 10% F+ 5% L is the optimal
mix proportion. /is is because more Ca2+ is generated after
lime hydration, and the positive charge of Ca2+ balances the
negative charge on the surface of clay mineral particles, so
the the plasticity index is downregulated and the expansi-
bility of expansive soil is reduced. Furthermore, the cement
produced by hydration of lime also enhances the strength of
soil.
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3.3. Analysis of Microstructure and Mineral Composition

3.3.1. SEM Results. Figure 19 gives the SEM images of plain
soil to study the microscopic morphology of the expansive
soil before and after being stabilized. /e surface particles of
the expansive soil before the modification are loose,
exhibiting obvious pores and cracks, thereby forming water
passages. /ere is obvious flocculent substance between the
fissure passages. By magnifying the SEM image, the clay
particles exhibit obvious flake or fine flocculent structures
(montmorillonite mainly)./ese irregular structures expand
the specific surface area of the soil particles. /e ability for
water to interact with the soil particles is strong, and the soils
absorb considerable water when contacting water. Sub-
sequently, significant expansion is observed.

/e microscopic morphology of expansive soil modi-
fied by 10% fly ash is shown in Figure 20. /e structures of
the modified soil are more compact than the plain soil, and

①

(a)

②

(b)

③

(c)

Figure 14: Schematic diagram of three typical failure mechanisms [39]: (a) tensile failure; (b) shearing failure; (c) tensile-shearing composite
failure.
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Figure 15: Failure patterns of soil samples.
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the fine pores or cracks are to some extent filled by the fly ash
particles and hydration products. However, due to only small
amount of hydration products, some fly ash particles have
insufficient cementation with pores. Further enlargement of

the images suggest that the fly ash hydration product (C-S-H)
reacts with the clay particles. /us, the original flaky soil
particles are cemented into blocky structures, and the in-
tegrity of the soil particles is enhanced.
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Figure 19: SEM images of plain soil under different magnification multiples (28 days). (a) ×100; (b) ×1000; (c) ×3000; (d) ×6000.
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Figure 20: SEM images of 10% F-modified expansive soil under different magnification multiples (28 days). (a) ×100; (b) ×1000; (c) ×3000;
(d) ×6000.

Fly ash

(a) (b)

C-S-H

(c)

C-S-H

(d)

Figure 21: SEM images of 10% F+ 5% L-modified expansive soil under different magnification multiples (28 days). (a) ×100; (b) ×1000; (c)
×3000; (d) ×6000.
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/e structure of 10% F+ 5% L-modified soil is found to be
more compact, as shown in Figure 21. Hydration products
produced by lime improve the degree of cementation between
fly ash and the pores of plain soil, so fly ash particles are tightly
embedded in the pores (a-b). Further enlarging the SEM
image, it is suggested that the original flocculent structure and
hydration products are cemented together (c-d), and the soil
particles after the reaction form a crystal or blocky structure.
At this time, the soil is no longer expansive.

3.3.2. XRD Results. /e results of the XRD test are shown in
Figure 22. /e plain soil is found to be primarily composed
of quartz, with a small amount of illite and montmoril-
lonite. /e major component of the soil modified by 10% F
is a small amount of berlinite besides quartz. /e main
component of the soil after the modification of 10% F + 5%
L is quartz, with a small amount of gismondine and ber-
linite. /e comparison of the mineral components before
and after the reaction is listed in Table 3.

/e content of SiO2 is downregulated significantly from
68.3253% (plain soil) to 62.4113% (10% F+ 5% L). CaO
content increases significantly from 0.8721% (plain soil) to
6.0566% (10% F+ 5% L). Changes inmineral composition can
be summed up as follows: for montmorillonite consists of two
layers of Si-O tetrahedron and one layer Al-OH octahedron to
constitute a 2 :1 type crystal structure, which relies mainly on
van der Waals force for connection between crystals. Al3+ in
Al-OH octahedron is often replaced by other low cation such
as Mg2+, and Si4+ in Si-O tetrahedron is often replaced by
Ca2+. /erefore, extra negative charges appear between the
crystals which can attract other cations (Na+, K+, etc.) and
their hydration ions to fill between the crystals to form water
film, thus enlarging the distance to achieve the purpose of
expansion [40]./e schematic diagram is shown in Figure 23.

When fly ash and lime are added to expansive soil, the
microstructures of clay (montmorillonite mainly) change
greatly. /e reason is that fly ash and lime react with
water to form considerable Ca2+. /e relatively high-
valent Ca2+ replaces K+ and Na+ in the clay particles via
ion exchange to reduce the water film thickness of the soil
particles. Simultaneously, the alkaline environment
formed by the hydration of lime promotes the ion ex-
change. /is is the main reason for reducing the swelling
potential of soil. /e relevant chemical reactions can be
summarized as follows:

Ion exchange:

Na+
− Al2 Si4O10 (OH)2 · nH2O + Ca2+⟶ Ca2+

− Al2 Si4O10 (OH)2 · nH2O + Na+

(5)

/e reason for the increase in strength of stabilized soil
can be summarized that lime reacts with CO2 in air to form a
carbonaceous material for carbonizing the soil. /e active

SiO2 in clay particles reacts slowly with Ca(OH)2 to form
calcium silicate hydrate (C-S-H), which can both exist in
water environment. /e gel is produced and gradually
transforms into fibrous crystals in the later stage. As the
amount increases, the crystals cross each other to form a
chain structure, thereby filling the particle pores to en-
hance the strength. /e reaction formula is written as
follows:

Carbonation:

Ca(OH)2 + CO2⟶ CaCO3 + H2O (6)

Mg(OH)2 + CO2⟶ MgCO3 + H2O (7)

Pozzolanic reaction:

Ca(OH)2 + SiO2⟶ CaO · SiO2 · H2O (8)
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Figure 22: XRD pattern of expansive soil.

Table 3: Comparison of mineral components.

Components
Result

(Plain soil) % (10% F) % (10% F+ 5% L) %
SiO2 68.3253 67.4133 62.4113
Al2O3 18.5417 20.3948 19.8111
Fe2O3 5.4264 5.0291 4.8851
K2O 3.7010 3.3018 3.0552
MgO 1.2612 1.1262 1.5938
CaO 0.8721 0.9306 6.5056
TiO2 0.7628 0.8181 0.8122
Na2O 0.4421 0.4110 0.3432
MnO 0.1780 0.1483 0.1317
P2O5 0.1621 0.1233 0.1280
SO3 0.0713 0.0904 0.1152
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4. Conclusion

/is study first compared the physical and mechanical
parameters of soil samples with different modifiers mix
proportions. /en, three representative groups of soil
samples were taken to perform SEM and XRD tests. Some
major conclusions are drawn:

(1) /e physical properties of modified soil are signifi-
cantly different from those of plain soil. /e PI, free
swelling ratio, and unloading swelling ratio decrease
slowly with the rise in fly ash content. After adding 5%
lime, the PI, free swelling ratio, and unloading swelling
ratio are significantly downregulated, suggesting that
adding 5% lime based on fly ash can significantly
reduce the expansion potential of expansive soil.

(2) /e variation laws of unconfined compressive and
tensile strengths of the stabilized soil have a con-
sistency, which increase firstly and then decrease as
fly ash content is upregulated. For pure fly ash
stabilized soil, the unconfined compressive and
tensile strengths reach the maximum under the
conditions of 10% F and 20% F, respectively. When
5% lime is added based on 10% fly ash, the un-
confined compressive and tensile strengths of the
stabilized soil reache the peak value. /e addition of
lime can increase the hydration rate and enhance the
early strength of stabilized soil. 10% F+ 5%F is ob-
tained as the optimal mix proportion.

(3) /e microstructure and mineral composition anal-
ysis suggest that the plain soil is mostly in flaky and
flocculent structures with obvious pores and cracks.
/e addition of fly ashmakes the pores and cracks fill
with fly ash particles and some hydration products.
After the addition of lime, the ion exchange and
pozzolanic reaction of lime makes the flaky and
flocculent structures of soil cement into crystal or

blocky structures, thereby enhancing the compact-
ness and integrity of soil samples.

In this study, the stabilizing effects of fly ash and lime on
the expansive soil were investigated and the optimal mixture
ratio of the modifier was given. However, only two contents
of lime (0%, 5%) were considered in the experiment, and
other corresponding parameters like lime fixation point
require further investigation.
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