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To address the scarcity of lime resources, this study explores the potential of using industrial solid waste, including fly ash (FA) and
carbide slag, as replacements for lime or cement in soil stabilization for roadbed construction. The optimal mixing ratio of FA and
calcium carbide slag (CCS) was determined using compaction and unconfined compressive tests. The study also examines the
relationship between the optimum moisture content and the maximum dry density of the FA and CCS binder, as well as the
strength variation trend. The study investigated the optimal mixing ratio of FA–CCS-stabilized soil, and the strength variation
trend of FA and carbide slag-stabilized soil under different age and mixing ratios, using tests such as the unconfined compressive
energy test, splitting strength test, compressive modulus of resilience test, and California bearing ratio test. Results indicate that the
optimal mixing ratio of FA and CCS binder is 1 : 4, the advocated mixing ratio of CCS-stabilized soil is 8 : 92, and the excellent
mixing ratio of CCS–FA-stabilized soil is 8 : 32 : 60.

1. Introduction

Based on statistical data [1], the total length of toll roads inChina
reached 5,354,800 km by the end of 2022, with category II
and above highways accounting for 743,600 km (including
177,300 km of expressways), representing 13.9% of the total
toll road mileage. Currently, the construction of expressways is
rapidly increasing, leading to a higher demand for road construc-
tion materials [2]. However, limestone, a commonly used mate-
rial in road construction, is a nonrenewable resource with
limited availability [3]. Therefore, finding a new material to
replace lime or cement is urgently needed in the road construc-
tion industry.

Fly ash (FA) is a fine solid particle in the flue gas ash
produced by fuel combustion. It is an industrial byproduct
with high strength and strong plate properties. It mainly
contains silicon dioxide (SiO2), aluminum oxide (Al2O3),

and iron oxide (Fe2O3). It has been widely used to make
various light building materials [4]. Calcium carbide slag
(CCS) is an industrial waste residue after acetylene gas is
obtained from calcium carbide hydrolysis. The main compo-
nent is calcium hydroxide [Ca(OH)2] [5]. Using CCS can
replace limestone to make cement, produce quicklime as
calcium carbide raw material, produce chemical products,
produce building materials and be used for environmental
treatment [6, 7].

In order to verify the feasibility of using FA and CCS as
stabilizing materials to replace lime or cement, many scho-
lars have conducted relevant experimental studies on FA and
CCS-stabilized soil [8–10]. Nergis et al. [11] analyzed the
effect of aggregates on local FA-based geopolymers from a
structural and mechanical perspective. The study found that
aggregates significantly affect the density, compression
strength, and flexural strength of samples at all ages. Sinan
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et al. [12] reviewed the effect of FA application on soil char-
acteristics. In general, it is widely acknowledged that FA
improves soil stability, water-holding capacity, and bulk den-
sity and raises the low pH in soil. However, it has been found
that this beneficial effect is observed only at moderate levels,
whereas higher levels can have a significant depressing effect.
Mashifana et al. [13] investigated the effect of the geotechni-
cal properties and microstructure of expansive soil stabilized
with phosphogypsum-lime-FA-basic oxygen furnace slag
paste. The soil microstructure was improved due to the for-
mation of hydration products. The stabilized expansive soil
met the specification for road subgrades and subbases. Nath
et al. [14] studied the effects of FA on the consistency, com-
pactness, acidity, and strength of organic soil. It was observed
that the addition of FA significantly reduces the plasticity
index of organic soil, while the liquid and plastic limits
increase. Moreover, the dry density of FA–soil mixture
increases significantly, while the water requirement decreases
due to the addition of FA. Increased dry density affects
higher strength. Qin et al. [15] studied the performance
comparison of stabilized soil with CCS and lime under the
same output through laboratory tests. The test results show
that when the content of CCS and lime is the same, the
performance of stabilized soil with CCS is better than that
of stabilized soil with lime. To optimize the composition and
proportion of CCS-stabilized soil, Li et al. [16] analyzed the
change in compressive strength of stabilized soil under dif-
ferent compaction conditions and investigated the influence
law of soil plasticity index, clay content, and colloidal activity
index on the optimal CCS dosage. The results showed that
the unconfined compressive strength of CCS-stabilized soil
could meet the requirements of the lime-stabilized material
specification. Leong et al. [17] analyzed the significant vari-
ables affecting the compressive strength of FA-soil polymer
using a variable analysis approach based on neural networks
and genetic planning. The evaluation results identified the
percentage of FA, water, and soil as important input vari-
ables for output. The percentage of hydroxides, the ratio of
silicates to hydroxides, and the ratio of alkali activator to
ashes were considered less important input variables. The
positive or negative correlation between these input variables
and the output has a significant impact on the strength devel-
opment of FA–soil polymer and can have a positive or nega-
tive influence on compressive strength. Si/Al molar ratio can
serve as a dimensionless index of raw materials for alkali-
activated materials (AAM) quality control, according to
potential solution. In the article, a comprehensive review
was conducted from the perspective of Si/Al molar ratio,
and its correlation with various AAM properties was sum-
marized. The feasibility of producing AAM using the molar
ratio while maintaining stable performance was verified.
Based on this, a three-step strategy was proposed, which
can more effectively transform a wider range of waste with
high variability into normalized AP and provide guidance for
waste valorization and AAM quality control [18].

Numerous scholars have studied the performance of CCS
in improving different soil properties. Wei et al. [19] con-
ducted indoor testing to investigate the efficacy of using CCS

for soil improvement in saline soil. Their results indicate a
reduction in the plasticity index and an increase in optimal
water content and bearing capacity of the improved saline
soil. Xiao [20] conducted a systematic study on the behavior
of CCS-improved expansive soil. The results from their
matrix suction testing show that the cohesion of the CCS-
improved soil increases with curing age, while overall cohe-
sion decreases with the increase of cycle times. Latifi et al.
[21] conducted an experimental study on the mechanical
properties of expansive soil and kaolin stabilized with CCS.
The results showed that with the increase in the amount of
CCS, the compressive strength of the improved soil increased
by about 4.7–6.8 times compared with that of the undis-
turbed soil. The improvement effect on kaolin was more
significant, and the compressive strength increased by about
3.8–5.8 times.

In summary, many scholars have conducted extensive
research on CCS-stabilized soil and FA-stabilized soil. How-
ever, the strength of these types of soils is influenced by numer-
ous factors, and there is a limited amount of research on the
strength formation mechanism and mechanical properties of
CCS–FA-stabilized soil. Further research is needed to investi-
gate the strength formation mechanism and mechanical prop-
erties of CCS–FA-stabilized soil at different ages.

This paper compares and studies the influence of differ-
ent mixing proportions of CCS and FA on the mechanical
properties of CCS–FA-stabilized soil at different ages
through indoor compaction tests and unconfined compres-
sive strength tests. The results demonstrate the feasibility of
using CCS–FA-stabilized soil for roadbed treatment and
mine repair and provide valuable insights into the applica-
tion of CCS and FA in subgrade engineering.

2. Materials

2.1. Basic Physical and Chemical Properties of CCS. CCS
refers to the industrial waste discharged by a gas company
in Handan, Hebei, China. The basic physical properties of
CCS are presented in Table 1, and the chemical composition
is shown in Table 2.

It can be seen from Table 2 that the main component of
CCS is CaO, followed by SiO2 and Al2O3, the content of
MgO in CCS is only 0.34%, so CCS belongs to calcareous
slaked lime.

The test results of calcium and magnesium content and
water content of CCS (see Figure 1).

As shown in Figure 1, the initial calcium and magnesium
content of simplified industrial calcareous slag (CCS) was
76%, and the water content was 47%. However, after being
stored under room temperature and natural ventilation con-
ditions for about 45 days, the calcium and magnesium con-
tent decreased to 62%, and the water content was 11%, which
met the requirements for the use of grade II hydrated lime.
After 90 days, the calcium and magnesium content stabilized
at around 56%, and the water content was approximately 6%.
The decrease in calcium and magnesium content was mainly
due to the reaction between calcium and magnesium hydro-
xides and CO2 in the air, generating carbonate oxides.
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The linear decrease in calcium and magnesium content from
0 to 60 days indicates that the internal reaction process is
uniform.

In summary, based on the test results, if CCS is utilized as
a stabilizing material for expansive soil, its storage period
should not exceed 45 days. If the storage period exceeds
45 days, it fails to conform to the usage specifications for
the calcium and magnesium content of hydrated lime speci-
fied in the guidelines.

2.2. Basic Physical and Chemical Properties of FA. The physi-
cal and chemical properties of FA were analyzed and investi-
gated in accordance with the test code for inorganic binder
stabilized materials in Highway Engineering (JTG E51-2009).
The test results are presented in Table 3, and the chemical
composition is shown in Table 4.

As shown in Table 3, the fineness of the FA is 37.3%,
indicating that it belongs to grade III FA. This light material
possesses a large specific surface area, which is favorable for
the cementation reaction with stabilizing materials. The liq-
uid plastic limit is high, but the plasticity index is low.

Based on the data presented in Table 4, the primary
chemical constituents of the FA are SiO2 and Al2O3, indicat-
ing that it is a silicon aluminum FA. Indoor tests indicate that
the calcium ions in the FA exist in the form of CaCO3.

2.3. Basic Physical Properties of Soil Samples. The basic phys-
ical properties of soil samples are examined and analyzed in
accordance with the specifications for highway soil tests (JTG
E40-2007), and the results are presented in Table 5.

As shown in Table 5, the soil sample is well-graded and
classified as a nonexpansive clay with a low liquid limit, and
all indicators meet the technical requirements specified in the
standard.

3. Methodology

3.1. Test Scheme. The objective of selecting CCS and FA-
stabilized soil is to optimize resource utilization, reduce the
excessive use of lime cement and other materials, and recog-
nize the high-value potential of these resources. A range of
FA and CCS mix ratios were evaluated, including 10 : 90,
20 : 80, 25 : 75, 33 : 67, 50 : 50, 67 : 33, 75 : 25, 80 : 20, and
90 : 10. The optimum moisture content and maximum dry
density were determined through compaction tests, and the
best mix ratio was established based on the unconfined com-
pressive strength at 7 and 28 days. The mechanical properties
of the stabilized soil were then studied using the chosen FA
and CCS ratio. Various CCS contents, including 4%, 6%, 8%,
10%, and 12%, were tested. Indoor tests were conducted on
both CCS-stabilized soil and CCS–FA-stabilized soil at the
optimal mix ratio.

3.2. Compaction Test Method. In the compaction test, the
multifunctional automatic electric compaction instrument
(refer to Figure 2) was utilized. The test materials were
passed through a 4.75mm square hole sieve and sampled
using the quartering method. Subsequently, soil and CCS
were mixed with water in a calculated proportion according
to the predetermined water content and then sealed in a bag
for over 12 hr. The compaction was completed using a com-
paction cylinder with an inner diameter, height, volume, and
weight of 10, 12.7, 997 cm3, and 4.5 kg, respectively. The
punching surface diameter was 5 cm with an average punch-
ing work unit of 2.687 J. The compaction process was con-
ducted in five layers, with each layer being brushed between
hammering and being hammered 27 times. The sample was
finally demolded using an electric demolding instrument
(refer to Figure 3). The compaction of FA and CCS was
checked, and the test results are presented in Figure 4.

As shown in Figure 4, decreasing the proportion of FA
(and increasing the proportion of CCS) leads to a gradual

TABLE 1: Basic physical properties of CCS.

Type Morphology Color Moisture content (%) Bulk density (g/cm3) Smell Loss on ignition (%)

Natural CCS Condense into clumps Dark gray 35%–40% 0.89
Pungent odor 29.1

Dry CCS Powdered white 0 —

TABLE 2: Chemical composition of CCS.

Ingredients CaO SiO2 Al2O3 ZnO Fe2O3 MgO SO3 TiO2 Other

Content (%) 91.08 4.26 2.36 0.79 0.40 0.34 0.34 0.08 0.35
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FIGURE 1: Changes in calcium and magnesium content and water
content of CCS.
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increase in the optimal water content of the CCS–FA-stabi-
lized soil, while the maximum dry density first increases and
then decreases.

The ultimate water content material of CCS–FA gradu-
ally increases because the important elements of CCS are
CaO, and the principal aspects of FA are SiO2 and Al2O3.
CCS exhibits properties similar to hydrated lime, as it can
easily ionize and hydrolyze in water, generating Ca2+ and
OH− ions. CCS and FA are also prone to pozzolanic reac-
tions, which can react with silicon, aluminum, and other
components, generating a large number of C–S–H and
C–A–H crystals. These reactions require a significant
amount of water, and therefore, the optimal water content
of the CCS–FA binder gradually increases with an increase in
FA content.

The maximum dry density of the CCS–FA-stabilized soil
first increases and then decreases, primarily due to the small
surface area of FA particles, while the pores between CCS

TABLE 3: Basic physical properties of FA.

Fineness (%) Density (g/cm3) Specific gravity Specific surface area (cm2/g) Burning loss Liquid limits Plastic limit Plasticity index

37.3 2.12 2.2 5,256 17.6 32.8 28.4 4.4

TABLE 4: Chemical composition of FA.

Chemical composition SiO2 Al2O3 Fe2O3 CaO K2O TiO2 MgO SO3 Na2O Other

Content (%) 52.69 34.82 3.79 2.61 1.53 1.13 1.04 0.80 0.65 0.94

TABLE 5: Basic physical properties of soil samples.

Water content (%) Specific gravity Liquid limits (%) Plastic limit (%) Plasticity index
Optimum moisture

content (%)
Maximum dry
density (g/cm3)

14.6 2.56 32.6 21.0 11.5 13.2 1.818

FIGURE 2: Multifunctional automatic electric compactor.

FIGURE 3: Electric demolding instrument.
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FIGURE 4: The changing trend of FA and CCS compaction test.
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particles are relatively large. When the proportion of FA is
less than 50%, the pores between its internal particles are
compacted under the action of compaction work, resulting
in a gradual increase in dry density. However, when the
proportion of FA exceeds 50%, the content of CCS decreases
significantly, often due to the skeleton effect between FA
particles, which is gradually compacted under the action of
compaction work, leading to a decrease in dry density [22].

3.3. Unconfined Compressive Strength of Binder. The uncon-
fined compressive strength was primarily determined using a
universal material testing machine, an electric stripper, and a
pavement strength testing machine, as illustrated in Figures 5
and 6. Cylindrical specimens with a diameter and height of
50mm were utilized. Initially, the mixed materials, with
varying proportions, were statically pressed using the univer-
sal material testing machines, based on the optimum water
content and maximum dry density obtained from the

compaction test. Subsequently, the mixed materials were
sealed using plastic bags via the electric stripper. After stan-
dard curing to the specified age, the pavement strength tester
was employed to conduct the unconfined compressive
strength test, with the results shown in Figure 7 for CCS–FA.

Figure 7 illustrates that the proportion of CCS and FA
initially increases and subsequently decreases. The peak
value of unconfined compressive strength is attained when
the proportion of CCS and FA is 20 : 80 or 1 : 4, with maxi-
mum values of 1.24 and 5.61MPa, respectively. The 28 day
strength growth rate varies between 2.15% and 4.66% for
different proportions of CCS and FA, indicating a rapid
increase in early strength for the CCS and FA binder. There-
fore, it can be concluded that the optimal mixing ratio of
CCS and FA is 1 : 4 [8].

3.4. Strength Formation Mechanism of Improved Soil

3.4.1. Formation Mechanism of CCS Stabilized Soil Strength.
The formation mechanism of CCS strength is very similar to
that of lime-stabilized soil, which can be summarized into
four stages [23]:

(1) Ion Exchange Reaction. The clay surface typically car-
ries a negative charge. Upon adding calcium oxide in CCS to
water for decomposition, ion exchange reactions occur, lead-
ing to the formation of a stable structure and an increase in
the overall strength. This is one of the primary reasons for the
early strength development of the CCS-FA-stabilized soil.

(2) Volcanic Ash Reaction. The reaction of Ca(OH)2 in
the soil with silicon and aluminum in CCS leads to the for-
mation of C–S–H and C–A–H. This reaction not only
enhances the cohesion between the stabilized materials but
also sustains their strength growth over time. The chemical
reaction equation is as follows:

FIGURE 5: Universal material testing machine.

FIGURE 6: The pavement strength testing machine.
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xCa OHð Þ2 þ SiO2 þ nH2O→ xCa ⋅ SiO2 nþ 1ð ÞH2O:

ð1Þ

xCa OHð Þ2 þ Al2O3 þ nH2O→ xCa ⋅ Al2O3 nþ 1ð ÞH2O:

ð2Þ

(3) Carbonation. Carbonation is mainly due to the for-
mation of CaCO3 from Ca (OH)2 in CCS by H2O and CO2 in
the air. The reaction formula is as follows:

CaOþH2O¼ Ca OHð Þ2: ð3Þ

Ca OHð Þ2 þ CO2 ¼ CaCO3 þH2O: ð4Þ

The experiment demonstrates that the carbonation reac-
tion requires the presence of water to occur. When the envi-
ronment contains only dry CO2 and Ca(OH)2 powder, the
reaction is nearly halted. Hence, the reaction formula
expressed as Formula (5) is more practical.

Ca OHð Þ2 þ nH2Oþ CO2 → CaCO3 þ nþ 1ð ÞH2O:

ð5Þ

(4) Crystallization. The carbonation reaction impedes the
penetration of CO2 into the structure, thereby impeding further
reactions. In the stabilized soil, Ca(OH)2 crystals are produced
spontaneously, which further augments the strength of the
improved soil. The reaction can be expressed with the following
formula:

Ca OHð Þ2 þ nH2O→ Ca OHð Þ2 ⋅ nH2O: ð6Þ

Based on the reactions in the four stages described above,
the strength of the CCS–FA-stabilized soil improves gradu-
ally. The early strength is primarily due to the volcanic ash
reaction, while the hydrolysis of CCS is a prerequisite for all
reactions. The stabilized soil forms its initial strength
through ion exchange and condensation, and the strength
of the stabilized soil is further improved through crystalliza-
tion and carbonation.

3.4.2. CCS–FA-Stabilized Soil Strength FormationMechanism.
The strength mechanism of the stabilized soil using CCS and
FA is essentially the same and primarily involves the follow-
ing processes [24]:

(1) Formation of a silicon–aluminum thin layer on par-
ticle surfaces. After mixing with water, CCS and FA
become saturated with Ca(OH)2 in the alkaline liquid
phase. Water combines with FA to ionize SiO4

4− and
H+, leading to a negatively charged FA surface. Due
to gravitational effects, Ca2+ is adsorbed onto the FA
surface, causing K+ and Na+ to dissolve and resulting
in the formation of additional silicon–aluminum thin
layers on the FA surface.

(2) Presence of a precipitated blanket. Following the for-
mation of the thin layer, SiO4

4− and AlO2
2− gradu-

ally precipitate from the surface layer and combine
with the surrounding Ca2+ to form a thick layer of
precipitation.

(3) The sediment coating is broken when the concentra-
tion of any ion in the liquid phase of the particles and
the cladding layer is greater than the concentration of
the outer layer, it will expand and gradually break,
and the interaction between ions will form a new
cladding layer, which is a continuous cycle process.

(4) Formation of hydrated calcium silicate and calcium
aluminate with the increase of ion concentration in
the coating, Ca2+ is adsorbed on the surface of the
coating, forming C–A–H and C–S–H precipitates.

4. Result Analysis

4.1. Compaction Test. Figure 8 shows the optimum moisture
content and maximum dry density of CCS-stabilized soil and
CCS–FA-stabilized soil. In the reference group, the optimum
moisture content of 4% cement-stabilized soil was 11.2%,
and the maximum dry density was 1.842 g/cm3.

Based on the results of the compaction test presented in
Figure 8, it can be observed that the plain soil has an opti-
mummoisture content of 13.2% and a maximum dry density
of 1.878 g/cm3. On the other hand, the maximum dry density
of CCS-stabilized soil ranges from 1.868 to 1.806 g/cm3,
while for CCS–FA-stabilized soil, it ranges from 1.642 to
1.312 g/cm3. Regarding the optimal water content, it is note-
worthy that 4% cement soil has an optimal water content of
11.2%. Meanwhile, for CCS-stabilized soil, the optimal water
content ranges from 11.6% to 14.6%, and for CCS–FA-stabi-
lized soil, it ranges from 18.8% to 23.6%. One possible reason
for this is that, compared to cement-stabilized soil, CCS–FA-
stabilized soil produces some flocculent cementation pro-
ducts that result in a certain volume expansion, thereby
reducing soil compactness and density. Conversely, the opti-
mum water content tends to continuously increase, which is
mainly related to the strength mechanism of CCS–FA-stabi-
lized soil. As the ion-exchange and pozzolanic reactions
progress continuously, the contact between soil particles
and binder is enhanced, and recombination between parti-
cles requires the auxiliary action of more free water. This
causes the water required for improved soil to continuously
increase [25, 26]. The water content of CCS–FA-stabilized
soil is higher than that of CCS-stabilized soil, indicating that
the addition of FA intensifies the ion-exchange and pozzola-
nic reactions of stabilized soil [27, 28].

4.2. Unconfined Compressive Strength Test. The unconfined
compressive strength tests were conducted following the
method T0805-1994 outlined in JTG E51-2009, and the
results are presented in Figure 9. Figure 10 shows a compari-
son of the compressive strengths of CS, 4% cement soil, and
FCS. In the reference group, the 7, 28, 60, and 90 days
unconfined compressive strengths of 4% cement-stabilized
soil were 1.32, 1.54, 1.68, and 2.52MPa, respectively.
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As shown in Figure 9, the unconfined compressive strength
of CCS-stabilized soil first increases and then decreases with
increasing CCS content. When the CCS content is 8%, the
unconfined compressive strength reaches a peak, and the
strength at 7 and 90 days is 1.38 and 2.89MPa, respectively.
The unconfined compressive strength of CCS-stabilized soil at
8% CCS content is higher than that of 4% cement-stabilized
soil, with early strength increasing faster than the later strength.
The formation of strength in CCS-stabilized soil is primarily
attributed to ion exchange and condensation phenomena.
Upon hydrolysis and ionization, CCS ionizes Ca2+ and OH−,
leading to Ca2+ reacting with K+ and Na+ in the soil to form an
adsorption system. The interaction between CCS and soil par-
ticles can alter the charged state of stabilized soil, leading to the
reaggregation of soil particles and ions to form a more

compacted ash soil particle cementation system, thereby
enhancing the initial strength of CCS-stabilized soil. The results
of the unconfined compressive strength test for CCS–FA-sta-
bilized soil indicate that the unconfined compressive strength
initially increases and then decreases with an increase in the
proportion of the binder. The mixing proportion at the peak
unconfined compressive strength at different ages is 8 : 32 : 60,
with the unconfined compressive strength of CCS–FA-stabi-
lized soil being 1.35 and 5.78MPa, respectively, at 7 and 90
days. The addition of FA significantly increases the unconfined
compressive strength of the stabilized soil, with the content of
SiO2 and Al2O3 in FA being higher. The pozzolanic reaction
caused by the reaction is stronger than that of CCS-stabilized
soil, thereby allowing the active potential of CCS to be fully
realized. The C–S–H gel generated by the reaction effectively
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FIGURE 8: CCS-stabilized soil and CCS–FA-stabilized soil compaction test changes: (a) CCS-stabilized soil; (b) CCS–FA-stabilized soil.
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improves the internal void distribution of CCS–FA-stabilized
soil, making the connection of soil particles more stable.

Based on Figure 10, it can be observed that for CCS-
stabilized soil, there is a positive growth rate in unconfined
compressive strength at different ages when the content of
CCS is 8%. This suggests that the optimal effect is achieved
when the CCS content is approximately 8%. Furthermore, a
comparison of the unconfined compressive strength between
CCS-stabilized soil and CCS-stabilized soil indicates that
when the CCS content is identical, the 7 days unconfined
compressive strength of the former increases at a faster rate
than that of the latter.

4.3. Splitting Tensile Strength Test. The splitting strength test
is conducted in accordance with the T0806-1994 method
outlined in JTG E51-2009. The tensile strength of the split
was evaluated using a universal material testing machine, an
electric stripping machine, and a pavement strength testing
machine. Initially, cylindrical samples with a diameter and
height of 50mm were prepared by compacting mixed mate-
rials of varying proportions via a static pressure technique
using a universal material testing machine and based on the
optimal water content and maximum dry density deter-
mined from the compaction test. The mixed materials were
then sealed in plastic bags using an electric stripper. After the
standard solidifies to the specified age, the sample is placed
on the centerline of the arc surface pressing strip and kept
perpendicular to the test plane to reduce testing errors. The
width and radius of the arc surface pressing strip are 6.35 and
25mm, respectively. Finally, a pavement strength testing
machine was used to apply a loading rate of 1mm/min,
and the maximum pressure when the specimen was damaged
was recorded to complete the splitting tensile strength test
(see Figure 11). The test results are presented in Figure 12,

and a comparison of the splitting strength between CCS-
stabilized soil, 4% cement soil, and CCS–FA-stabilized soil
is shown in Figure 13. In the reference group, the 7 28, 60,
and 90 days splitting tensile strengths of 4% cement-stabilized
soil were 0.12, 0.15, 0.21, and 0.31MPa, respectively.

From Figure 12, it is evident that the splitting strength of
the stabilized soil with CCS increases as the content of CCS
increases. The early splitting strength increases rapidly, while
the later splitting strength increases relatively slowly, which
is similar to the formation mechanism of unconfined com-
pressive strength. When the content of cement is 4% and
CCS is 8%, the splitting strength shows little difference.
Moreover, the cleavage strength of CCS–FA-stabilized soil
gradually increases with the increase of binder. Figure 12
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FIGURE 11: Splitting test.
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shows that the cleavage strength at the age of 7 and 28 days
increases faster than that at the age of 60 and 90 days, indi-
cating a faster increase in the early strength of CCS–FA-sta-
bilized soil. In the later stage of the reaction, volcanic ash
reacts slowly to form C–S–H and C–A–H, which can improve
the initial activation energy of the reaction [29, 30].

Through the evaluation of Figure 13, it can be observed
that the early splitting electricity boom of CCS-stabilized soil
is accelerated. However, CCS-stabilized soil containing 4%
and 6% CCS content material, as well as 4% cement soil,
exhibit poor growth, indicating that the former two have a
detrimental impact and fail to meet the diagram require-
ments. Conversely, when the CCS content exceeds 8%, the

splitting power experiences a positive growth rate in com-
parison to 4% cement soil, suggesting that the splitting power
can meet the specifications when the CCS content exceeds
8%. Moreover, the impact of soil enchantment is remarkable;
after comparing CCS-stabilized soil and CCS–FA-stabilized
soil, it was found that the addition of FA can significantly
improve the unconfined compressive strength and splitting
strength of CCS-stabilized soil. As time passes, the splitting
strength of the soil continues to increase. This can be attrib-
uted to the fact that the initial strength of CCS and soil
results from ion exchange and condensation, while the later
strength of CCS-stabilized soil is influenced by the volcanic
ash reaction and carbonation reaction. However, the reaction
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process is slow, and the increase in depth is relatively slow as
well, particularly in the later stages. The enhancement and
lasting impact of volcanic ash response have an influence on
the depth [31].

4.4. Compressive Modulus of Resilience Test. The compressive
modulus of resilience is employed to characterize the recov-
erable deformation characteristics of the subgrade under
immediate loading. A higher modulus of resilience indicates
a greater capacity of the soil foundation to withstand external
loads. The compressive resilience modulus test is conducted
in accordance with the T0808-1994 method in JTG E51-
2009. The top surface method is employed to test the com-
pressive resilience modulus, mainly utilizing equipment such
as the universal material testing machine, electric stripping
machine, pavement strength testing machine, and universal
material testing machine (UTM). First, cylindrical samples
with a diameter of 100mm and height of 100mm were pre-
pared through the universal material testing machine by the
static pressure of mixed materials with different proportions
based on the optimal water content and maximum dry den-
sity determined by the compaction test. The mixed materials
were subsequently sealed with plastic bags using an electric
stripper. After curing for 180 days using standard curing
methods, a UTM was used to conduct tests, as shown in
Figure 14. The two end faces of the cylindrical specimens
were thoroughly smoothed with cement slurry. The speci-
mens were saturated with water for 24 hr, with the water level
approximately 2.5 cm above the top surface of the specimen.
A unit pressure of 0.4MPa was selected on the loading plate,
and the calculation program was set on the UTM universal
material testing machine. After the specimens were wiped
dry with a cloth following the 24 hr saturation, they were
placed on the loading baseplate. A small amount of fine
sand (0.25–0.5mm) was sprinkled on the top surface of the
specimen to fill in any microscopic irregularities and increase
the contact area between the top platen and the specimen
surface. Two preloading–unloading tests were performed
with half of the maximum load applied to ensure tight con-
tact between the loading top platen and the specimen surface.
Each unloading took 1min. The unit pressure was then
divided into five equal parts as the pressure value for each
application. The first level of load was applied, and after

1 min, the readings during loading were recorded. The
load was then removed, allowing the elastic deformation of
the specimen to recover. The readings during unloading were
recorded at 0.5min. The difference between the loading and
unloading readings was calculated as the rebound deforma-
tion under this load level. This process was repeated for each
level of loading and unloading until the rebound deforma-
tion under the last level was recorded. Finally, a relationship
curve was plotted with unit pressure as the abscissa and
rebound deformation as the ordinate. The first and second
test points were connected by a straight line, extended to
intersect the coordinate axis, and the data were corrected
and fitted to obtain the compressive resilience modulus. The
results of the test are presented in Figure 15, and the compres-
sive modulus of resilience of 4% cement-stabilized soil, CCS-
stabilized soil, and CCS–FA-stabilized soil are compared in
Figure 16. The 7, 28, 60, and 90 days modulus of compressive
resiliences of 4% cement-stabilized soil in the reference group
were 258, 386, 452, and 591Mpa, respectively.

Figure 15 shows that the compressive modulus of resil-
ience of CCS-stabilized soil initially increases and then
decreases with increasing CCS content. The compressive
modulus of resilience of 8% CCS-stabilized soil is compara-
ble to that of 4% cement-stabilized soil but greater than that
of 4% cement-stabilized soil. Similarly, the compressive
modulus of resilience of CCS–FA-stabilized soil initially
increases and then decreases. The maximum compressive
modulus of resilience at 90 days is 1,124MPa, achieved
with a mixing ratio of 8 : 32 : 60. Compared to stabilized
soil with CCS alone, the addition of FA leads to a significant
improvement in compressive modulus of resilience, resulting
in higher strength, less deformation, and greater bearing
capacity. This indicates that CCS–FA-stabilized soil exhibits
greater resistance to deformation [25].

From Figure 16, it can be observed that the impact of
improving the compressive modulus of resilience is no lon-
ger significant when comparing 4% cement-stabilized soil
and CCS-stabilized soil. For CCS-stabilized soil with a con-
tent of 8%, there is a positive increase in compressive modu-
lus of resilience for 7, 60, and 90 days, with an increased rate
of 8.4% for 28 days. However, when compared to 4%, CCS-
stabilized soil with other contents showed negative growth
rates for 7 and 28 days. With the extension of the curing age,

ðaÞ ðbÞ
FIGURE 14: Compressive elastic modulus test: (a) UTM universal material testing machine; (b) compressive elastic modulus test.
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the compressive modulus of resilience of CCS-stabilized soil
progressively increases, surpassing that of 4% cement-
stabilized soil. This suggests that CCS-stabilized soil initially
exhibits poor deformation resistance, but over time, its mod-
ulus of resilience gradually increases, and its deformation
resistance improves accordingly. Notably, the stabilized soil
with 8% CCS shows the best performance. Comparing CCS-
stabilized soil with CCS–FA-stabilized soil, the compressive
resilient modulus of CCS–FA-stabilized soil is higher, indicat-
ing a significant improvement in its ability to resist deforma-
tion. Moreover, the 7 day compressive modulus of resilience

of CCS–FA-stabilized soil exhibits the fastest growth rate, far
surpassing that of CCS-stabilized soil. These findings indicate
that the addition of FA can substantially enhance the resilient
modulus of stabilized soil and its ability to resist deforma-
tion [32–34].

4.5. California Bearing Ratio Test. The bearing capacity of a soil
foundation increases with a higher California bearing ratio (CBR)
value. The CBR test is conducted following the T0134-2019
method in JTG 3430-2020. The test is typically performed using
a multifunctional automatic electric compacting instrument or a
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FIGURE 16: Comparison of compressive modulus of resilience of 4% cement-stabilized soil, CCS-stabilized soil, and CCS–FA-stabilized soil:
(a) CCS-stabilized soil; (b) CCS–FA-stabilized soil.
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pavement strength testing machine. The mixed materials of
varying proportions are compacted using the instrument to
form cylindrical specimens with a diameter and height of
150mm based on the optimum water content and maximum
dry density determined through compaction testing. The speci-
mens are then immersed in water for 4 days and subjected to a
penetration test using a pavement material tester (refer to
Figure 17). The penetration rod is pressed into the specimen
at a rate of 1mm/min, and five or more readings are taken
when the penetration amount reaches 2.5mm. A relationship
curve is then drawn between the penetration amount and unit
pressure, and the bearing ratio is calculated at a penetration
volume of 2.5mm. The CBR value for the reference group of

4% cement-stabilized soil was 131.5%. The check effects and a
comparison of CCS-stabilized soil, CCS–FA-stabilized soil, and
4% cement-stabilized soil CBR can be seen in Figures 18 and 19,
respectively.

According to the test results presented in Figure 18, the
CBR of CCS-stabilized soil increases steadily with an increase
in CCS content. Notably, the CBR of 4% cement-stabilized
soil reaches 131.5%, which falls within the range of 6%–8% of
the bearing ratio strength of CCS-stabilized soil. This finding
suggests that the bearing ratio at 8% of CCS content is sufficient
to meet the subgrade bearing capacity requirements and meet
the minimum specification requirements. Additionally, the
CBR of CCS–FA-stabilized soil gradually increases. The

FIGURE 17: California bearing ratio test.
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FIGURE 18: Change trend of CS and FCS load-bearing ratio: (a) CCS-stabilized soil; (b) CCS–FA-stabilized soil.
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maximum CBR of 259.1MPa differs by only 2.24% from the
minimum CBR, thereby satisfying the minimum CBR require-
ments for subgrade filling in the specification [35].

In Figure 19, the contrast shows that there is a positive
increase in the CBR of CCS-stabilized soil when the CCS
content material increases from 4% to 8%, in comparison
to cement-stabilized soil. This suggests that the CBR of
CCS-stabilized soil with 8% content material can reach that
of cement-stabilized soil with 4% content. Additionally, for
CCS–FA-stabilized soil, the CBR shows a positive growth
rate, indicating that the addition of FA can significantly
improve the bearing capacity of stabilized soil and enhance
the balance of subgrade strength [36, 37].

5. Conclusions

The overall performance of CCS-stabilized soil and CCS–FA-
stabilized soil under different content was analyzed through
laboratory testing. The following are the key findings:

(1) The results of the unconfined compressive strength test
indicate that the maximum compressive strength for
the 7 and 28 day CCS and FA binders are 1.24 and
5.61MPa, respectively. Therefore, the optimal mixing
ratio of CCS and FA binder is determined to be 20 : 80
(1 : 4). Based on the unconfined compressive strength
test results of CCS-stabilized soil, the mixing ratio of
CCS–FA-stabilized soil under maximum stress is
determined to be 8 : 32 : 60. The FA content has high
amounts of SiO2 and Al2O3. The pozzolanic reaction
effectively forms C–S–H gel, which improves the inter-
nal void distribution of CCS–FA-stabilized soil, thereby
enhancing the stability of soil particle connection.

(2) With the expansion of the content of CCS, both the
splitting strength and CBR increase. When the con-
tent of CCS ranges from 6% to 8%, the splitting
strength of stabilized soil with CCS can reach up to
4% of that of the cement-stabilized soil. Moreover,
when the proportion of CCS–FA-stabilized soil is
8 : 32 : 60, the splitting power can also reach 4% of
the cement-stabilized soil. Additionally, the early
energy of CCS–FA-stabilized soil will increase rap-
idly, and volcanic ash reacts slowly to shape C–S–H
and C–A–H, indicating that FA can enhance the
preliminary activation strength of the reaction.

(3) With the amplify of the content material of CCS–FA,
the resilient modulus of CCS-stabilized soil and
CCS–FA-stabilized soil tends to make bigger first
and then decrease. The highest quality mixing ratio
of CCS-stabilized soil is 8 : 92 and that of CCS–FA-
stabilized soil is 8 : 32 : 60. The addition of FA can
drastically beautify the resilient modulus of stabilized
soil and its capability to withstand deformation.

In conclusion, it is endorsed that the excellent percentage
of CCS and FA binder is 1 : 4, the satisfactory share of CCS-
stabilized soil is 8 : 92, and the nice share of CCS–FA-stabi-
lized soil is 8 : 32 : 60.
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