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Abstract: The complexity of composite geopolymer materials results in instability in the setting
and hardening of geopolymer-stabilized soil. In order to determine the appropriate mix proportion
scheme for composite geopolymer-stabilized soil, this study investigated the effects of two preparation
methods, fly ash/slag ratio and alkali activator modulus, on workability and strength development
trends in alkali-excited fly ash and slag-based geopolymer-stabilized soil. The results showed that
the high ambient temperatures created by the one-step method were more conducive to the setting
and hardening of the geopolymer-stabilized soil; its 3 d/28 d UCS (unconfined compression strength)
ratio was 62.43–78.60%, and its 7 d/28 d UCS ratio was 70.37–83.63%. With increases of the alkali
activator modulus or the proportion of fly ash, the setting time of stabilized soil was gradually
prolonged, and its fluidity increased. Meanwhile, the strength development of stabilized soil was
significantly affected by the proportion of fly ash and the alkali activator modulus; the maximum
UCS value was obtained at II-2-O, prepared by the one-step method, with an alkali activator modulus
of 1.2 and a fly ash/slag ratio of 20/80. Specifically, the 3, 7, and 28 d UCS values of II-2-O were 1.65,
1.89, and 2.26 MPa, respectively, and its 3 d/28 d UCS ratio and 7 d/28 d UCS ratio were 73.01% and
83.63%, respectively. These results will be of great importance in further research on (and construction
guidance of) composite geopolymer-stabilized soil.

Keywords: alkali-activated; fly ash and slag-based geopolymer; stabilized soil; workability; uncon-
fined compression strength

1. Introduction

As the main building material in the modern construction industry, the production of
cement is accompanied by high emissions and pollution levels [1]. It has been estimated
that 550 kg of CO2 is produced per 1000 kg of cement produced, and 400 kg of CO2 is
released into the atmosphere due to fuel combustion [2–4]. This accounts for about 5–7% of
global carbon dioxide emissions [5,6]. Obviously, the large-scale use of cement invisibly
increases the energy consumption and cost of buildings. Looking for green cementitious
materials to replace cement has become a hot spot in the field of modern engineering.
Geopolymers are a kind of three-dimensional network of inorganic polymers obtained
by appropriate processing of aluminosilicate materials and alkali activators. They have
similar cementitious properties to cement [7–10]. Their coagulation and hardening are
divided into two processes: depolymerization and polycondensation. In the presence of an
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alkali activator, the silicon–oxygen bond and aluminum–oxygen bond of aluminosilicate
break to form oligomeric silicon-alumina tetrahedron. Then, the oligomeric aluminosilicate
uses water as a medium to reassemble into a new Si-O-Al network system [11,12]. At
present, raw materials for geopolymers are generally obtained from industrial solid wastes,
such as fly ash and blast furnace slag [13–16]. Compared to cement, the production of
geopolymer can reduce energy consumption by about 60% and reduce carbon emissions by
80–90% [17–21]. In addition, the secondary utilization of industrial solid waste is realized,
which has a positive impact on environmental protection [22–25]. As such, geopolymers
are considered an ideal substitute for cement and have seen increasing use in various
engineering construction practices.

The application of geopolymers as stabilizers in foundation treatment has received
extensive attention recently. It is considered an effective way to improve the strength of
stabilized soil and reduce costs. Rios et al. [26] proposed the use of low-cost geopoly-
mers prepared from alkali-excited low-calcium fly ash to stabilize silt, and the test results
confirmed that such geopolymers were comparable to cement as a foundation treatment
material. Cristelo et al. [27] found that the unconfined compressive strength (UCS) of
alkali-excited fly ash geopolymer-stabilized soils increased to 900 kPa due to the formation
of a large amount of aluminosilicate gel (N-A-S-H). Furthermore, the shear strength of
the fly ash-based geopolymer-stabilized soil was also improved [28]. Dassekpo et al. [29]
proposed that the weight proportion of soil and fly ash was determined according to the
whole process effect of geopolymers on particle interaction. Poor-quality soil treated with a
slag-based alkaline paste showed maximum UCS values and was environmentally friendly,
compared with the soft soil stabilized by single cement, lime, and fly ash [30,31]. Existing
research showed that the stability of soft soil was significantly affected by factors such as
slag content, modulus, and dosage of alkali activators [32–34]. Further studies found that
lower moisture content and composite geopolymer materials were helpful in reducing poor
bonding between the geopolymer and soil particles [35–38]. Luo et al. [39] proposed using
slag/fly ash composite as a stabilizer for soft soil; the measured 28-day UCS of stabilized
soil was higher than that of undisturbed soil (56.0 times higher) and cement-stabilized soil
(1.39 times higher). Singhi et al. [31] found that Si/Al and Na/Al ratios were important
factors affecting the soil–geopolymer system (the main raw materials of which were fly ash
and slag), and different mixing ratio schemes corresponded to different stabilization effects.
At present, the polymerization process, strength development laws, and reaction prod-
ucts of geopolymer-stabilized soils have a certain research basis, but there are still many
problems in the geopolymer–soil system that have not been uniformly recognized [40],
especially in terms of workability. As an example, the initial setting process of slag-based
geopolymer is usually completed within 10–30 min [41], while the hardening time of fly
ash-based geopolymer cured at room temperature may exceed 24 h [42]. Instability of
setting and hardening is not conducive to the engineering application of geopolymers in
foundation treatment. The diversity of raw materials and the variability of alkali activators
together create complexity in geopolymer-related research [43].

In addition to the material composition and properties of the composite geopolymer
itself, the influence of the preparation method on the workability and mechanical properties
of geopolymer-stabilized soil cannot be ignored. In the above studies on geopolymer-
solidified soils, most of them adopted a two-step preparation method [44]. Specifically, in
the two-step method, the silicon-alumina raw material is first reacted with an alkali activator
solution, and then the obtained geopolymer paste is used for soil stabilization. However,
this method comes with the disadvantages of difficult transportation and storage of alkali
activators, which affects the efficiency of on-site construction. The one-step method refers to
directly mixing the silicon-alumina material with the dry alkali activator [45], which reduces
the intermediate links in the preparation and transportation of the alkali activator. However,
to date, there have been few relevant works in the literature on the effects of preparation
methods on the stabilization of fly ash and slag-based geopolymer-stabilized soil. In order
to further promote the practical application of composite geopolymer in the treatment of soft
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soil, this study analyzed the setting time, fluidity and strength development of geopolymer-
stabilized soil from various perspectives, such as preparation method, fly ash/slag ratio and
alkali activator modulus. The research results could provide an appropriate mix proportion
scheme for the application of an alkali-activated fly ash/slag composite system to replace
cement in soft soil stabilization, not only effectively alleviating environmental problems
related to cement, but also realizing the reduction, resource, and harmless utilization of fly
ash and slag.

2. Materials and Test Program
2.1. Materials

In this study, the soil used was a typical red clay from Changsha, China, taken from a
subterranean depth of 6.8 m. The liquid limit and plasticity indices of the soil were 46% and
27%, respectively, and its wet density was 1.47 g/cm3. The soil samples were air-dried and
ground, then dried in an oven at 80 ◦C, and finally passed through a 2.36 mm mesh sieve.

The fineness of the Class F fly ash used was 0.015 mm, and its weight of screen residue
was 10.7%. The slag used was S95 ground granulated blast furnace slag with a specific
surface area of 424 m2/kg. Both fly ash and slag were provided by Gongyi Longze Water
Purification Material Co., Ltd., Zhengzhou, China. The detailed chemical composition
of the above materials, measured according to GB/T 176-2017, is shown in Table 1 [46].
The composite alkali activator was composed of sodium silicate (Na2SiO3) solution and
NaOH in a certain proportion. The chemical equation of the used Na2SiO3 solution was
Na2O·nSiO2, its initial modulus (n) was 3.10 (where n = m(SiO2)/m(Na2O), and the mass
fractions of Na2O and SiO2 were 9.22% and 28.58%, respectively).

Table 1. Chemical composition of raw materials (wt%).

Raw Materials SiO2 Al2O3 Fe2O3 MgO CaO SO3 Others LOI

Fly ash 49.04 27.40 1.53 0.86 3.23 1.15 16.79 2.36
Slag 34.50 17.70 1.03 6.01 34.00 1.64 5.12 1.83

2.2. Mix Proportions and Sample Preparation

In this study, the reshaped soil was prepared according to the actual moisture content
of 48.0%. The stabilizer was taken as 15% of the soil mass, and the alkali activator content
was 30%. The water introduced by the Na2SiO3 solution was taken into account to ensure
a constant water/binder ratio (w/b) of 0.5. The detailed mix proportions are shown in
Table 2. Among them, I, II, III in the specimen labels correspond to fly ash/slag ratios (F/S)
of 10/90, 20/80, and 30/70, respectively; numbers 1–5 represent the modulus gradient of
alkali activator modulus (0.9, 1.2, 1.5, 1.8, 2.1); O/T represents the preparation method
(one-step method, represented by O, and two-step method, represented by T).

In this study, an NaOH tablet was used to adjust the modulus of Na2SiO3 solution;
the specific calculation formula was as follows:

Na2O·nSiO2 + mNaOH→ (1 +
m
2
)Na2O + nSiO2 +

m
2

H2O (1)

N =
n

1 + m
2

(2)

In Equations (1) and (2), N is the target modulus of the Na2SiO3 solution, n is the initial
modulus of the Na2SiO3 solution, and m is the amount of the required NaOH substance
(unit mol).
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Table 2. Mix proportions.

Label Stabilizer Content/%
Alkali Activator Fly Ash/Slag

(F/S) w/b
Modulus (N) Content/%

I-1-O/T 15 0.9 30 10/90 0.5
I-2-O/T 15 1.2 30 10/90 0.5
I-3-O/T 15 1.5 30 10/90 0.5
I-4-O/T 15 1.8 30 10/90 0.5
I-5-O/T 15 2.1 30 10/90 0.5
II-1-O/T 15 0.9 30 20/80 0.5
II-2-O/T 15 1.2 30 20/80 0.5
II-3-O/T 15 1.5 30 20/80 0.5
II-4-O/T 15 1.8 30 20/80 0.5
II-5-O/T 15 2.1 30 20/80 0.5
III-1-O/T 15 0.9 30 30/70 0.5
III-2-O/T 15 1.2 30 30/70 0.5
III-3-O/T 15 1.5 30 30/70 0.5
III-4-O/T 15 1.8 30 30/70 0.5
III-5-O/T 15 2.1 30 30/70 0.5

The one-step method for preparing the mixture was as follows: the fly ash and slag
were mixed with NaOH dry powder, and the mixed solution of water and Na2SiO3 solution
was added to prepare a geopolymer, which was used as a stabilizer.

The two-step method preparation procedure was as follows: a certain mass of fly
ash and slag were weighed and mixed uniformly in the stirring pot, and the cooled alkali
activator solution was added. First, it was stirred at 140 r/min for 3–5 min, then adjusted
to 280 r/min and stirred for 1–2 additional min. Finally, it was stirred at a rate of 280 r/min
for 2–3 min until the geopolymer stabilizer and the reshaped soil were uniformly mixed.

After completing the mixing procedure as described above, fluidity and setting time
tests were performed. Meanwhile, the mixture was sequentially filled in three layers into a
70.7 × 70.7 × 70.7 mm cube mold. After each layer was filled, it was placed on a vibrating
table and vibrated evenly to remove air bubbles in the specimen until the molding was
completed. The specimens were covered with plastic wrap and cured at room temperature
for 1 d, and then demolded. The exposed specimens were re-covered with plastic wrap
and cured until the target age in a standard environment (temperature of 20 ± 2 ◦C, RH of
95 ± 3%).

2.3. Test Methods
2.3.1. Setting Time

The setting time of the fresh mixture was determined using the Vicat apparatus mold.
The judgment basis for when the mixture had reached the initial setting state was when
the maximum sinking depth of the initial setting test needle reached 4 ± 1 mm from the
bottom plate. The mixture was immediately judged to have reached the final setting state
when the annular attachment of the final setting test needle was unable to leave a trace on
the sample or when the sinking depth was less than 0.5 mm [47].

2.3.2. Fluidity

The NLD-3 cement mortar fluidity tester was used to measure the diffusion diameter
of the free-flowing mixture on the flow plate. The fluidity value of the mixture was taken
from the average value of two mutually perpendicular diameters [48].
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2.3.3. Unconfined Compressive Strength (UCS)

According to the experimental method in [39], the 3, 7, and 28 d UCS values of the
stabilized soil specimens were tested by a universal testing machine, as shown in Figure 1.
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Figure 1. UCS test.

3. Results and Discussion
3.1. Setting Time

Figure 2 shows variations in the setting time of geopolymer-stabilized soil under
different conditions. The main influencing factors were the preparation method, alkali
activator modulus and fly ash/slag ratio (F/S). As observed, the variation trend of the
setting time of geopolymer-stabilized soil was roughly the same under different preparation
methods. The initial and final setting times of the I-1-O specimen prepared by one-step
method were 33 and 42 min, respectively; As for the -1-T specimen prepared by the two-step
method, its initial and final setting times were 42 and 57 min, respectively. In contrast, the
hardened body of the stabilized soil prepared by the one-step method formed more rapidly,
which was attributed to the exothermic heat generated by the contact of NaOH with water.
The solubility of aluminosilicate increases with increases in ambient temperature, and
more Si and Al active monomers dissolve out and participate in geopolymerization. This
is beneficial as it accelerates the formation of the aluminosilicate gel and aluminosilicate
core [49]. However, an excessively fast setting and hardening rate of stabilized soil will
impair the construction quality.
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Figure 2. Setting time of stabilized soil: (a) One-step method. (b) Two-step method.
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As shown in Figure 2, in the one-step method, the modulus of the NaOH-modified
Na2SiO3 solution was also one of the important factors affecting the setting behavior of
geopolymer-stabilized soil [50,51]. The specific phenomenon was that the setting time of
stabilized soil increased gradually with the alkali activator modulus. This was because the
activator with higher modulus had a higher viscosity which reduced the migration rate
of alkali metal cations and weakened interactions between the reacting species, thereby
decreasing the geopolymerization rate and prolonging the setting and hardening time [52].

Under the condition of the same activator modulus, the setting time of geopolymer-
stabilized soil increased with the proportion of fly ash (Figure 2a). As an example, the initial
setting times of I-2-O, II-2-O and III-2-O were 41, 65, and 108 min, respectively, and the
differences between their initial and final setting times were 22, 43, and 94 min, respectively.
This was because the vitreous structure on the surface of the fly ash was relatively dense,
which increased the difficulty of its excitation, thereby slowing down the speed of setting
and hardening of the stabilized soil. Thus, the setting time of stabilized soil can be adjusted
by changing the F/S value to fall within a suitable range.

3.2. Fluidity

The relationship between the fluidity of the stabilized soil and the preparation methods,
i.e., alkali activator modulus and fly ash/slag ratio, is shown in Figure 3. As observed, the
fluidity values of the stabilized soil samples prepared by the one-step method were consis-
tently lower than those prepared by the two-step method, and the fluidity values decreased
with the decrease of the alkali activator modulus. This was attributed to early geopoly-
merization in the stabilized soil. As the alkali activator modulus gradually decreased, the
fluidity values decreased from 198 mm for I-5-O to 145 mm for I-1-O. Furthermore, the F/S
value was also one of the influencing factors on fluidity. When the proportion of fly ash
reached 30%, the fluidity of III-1-O was 43 mm higher than that of I-1-O. This indicated that
the spherical vitreous structure of fly ash directly increased the workability of the stabilized
soil, and a higher proportion of fly ash delayed the formation of early geopolymer gels.
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3.3. Strength Development

UCS values represent an important basis for evaluating the setting and hardening of
geopolymer-stabilized soil under different conditions. Table 3 shows the average values of
3/7/28 d UCS for stabilized soils.
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Table 3. 3, 7, 28 d UCS values of geopolymer-stabilized soils.

Label
Alkali

Activator
Modulus (N)

Fly
Ash/Slag

(F/S)

UCS Value/MPa
(One-Step Method)

UCS Value/MPa
(Two-Step Method)

3 d 7 d 28 d 3 d 7 d 28 d

I-1-O/T 0.9 10/90 1.69 1.72 2.15 1.06 1.27 1.84
I-2-O/T 1.2 10/90 1.61 1.78 2.18 0.97 1.16 1.81
I-3-O/T 1.5 10/90 1.59 1.62 2.17 0.91 1.02 1.72
I-4-O/T 1.8 10/90 1.52 1.71 2.17 0.88 0.96 1.65
I-5-O/T 2.1 10/90 1.35 1.55 2.04 0.73 0.92 1.57
II-1-O/T 0.9 20/80 1.6 1.74 2.13 1.10 1.27 1.92
II-2-O/T 1.2 20/80 1.65 1.89 2.26 1.03 1.33 1.87
II-3-O/T 1.5 20/80 1.62 1.63 2.20 0.97 1.79 1.81
II-4-O/T 1.8 20/80 1.46 1.64 2.12 0.93 1.09 1.86
II-5-O/T 2.1 20/80 1.30 1.45 2.02 0.86 0.98 1.73
III-1-O/T 0.9 30/70 1.56 1.69 2.07 0.92 1.04 1.66
III-2-O/T 1.2 30/70 1.51 1.66 2.13 0.86 0.81 1.52
III-3-O/T 1.5 30/70 1.45 1.56 2.11 0.73 0.85 1.40
III-4-O/T 1.8 30/70 1.31 1.52 2.05 0.67 0.73 1.45
III-5-O/T 2.1 30/70 1.18 1.33 1.89 0.62 0.68 1.38

3.3.1. Effects of the Preparation Methods on the UCS of Stabilized Soil

Figure 4 shows the UCS development trend of geopolymer-stabilized soils under
different preparation methods. It can be seen from Figure 4a–e that the early strength
development rate of the stabilized soil prepared by the one-step method was significantly
higher than in those prepared by the two-step method. In the O series, the 3 d/28 d UCS
ratios of stabilized soil were 62.43–78.60%, and the 7 d/28 d UCS ratios were 70.37–83.63%.
For the T series, the 3 d/28 d UCS ratios of stabilized soil were 44.93–57.61%, and the
7 d/28 d UCS ratios were 49.27–71.12% (excluding individual values). This indicated
that the early strength of the geopolymer-stabilized soil prepared by the one-step method
developed relatively fast, and also obtained a higher later strength. This was because
the higher ambient temperature facilitated geopolymerization, which in turn increased
the compaction of the stabilized soil. At the same time, it was found that a lower alkali
activator modulus and lower F/S value also acted synergistically, along with high ambient
temperatures, on the strength development of the stabilized soil. Their corresponding
specimens had better mechanical properties. Additionally, the 3 d/28 d UCS ratio of II-3-T
was 53.59%, while the 7 d/28 d UCS ratio reached 98.90%. The later strength of II-3-T
showed almost no increase and was lower than that of the adjacent groups, II-1-T and II-2-T.
This showed that the UCS development of stabilized soil prepared by the two-step method
was unstable.
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Figure 4. UCS value of stabilized soil with different alkali activator modulus: (a) 0.9; (b) 1.2; (c) 1.5;
(d) 1.8; (e) 2.1.

3.3.2. Effect of the Fly Ash/Slag Ratio on the UCS of Stabilized Soil

In view of the fact that the strength development of the fly ash and slag-based
geopolymer-stabilized soil prepared by the one-step method was more prominent and
stable, we mainly analyzed the test results of the O series in this section. Figure 5 shows
the UCS diagrams of stabilized soils with different F/S values.
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As illustrated in Figure 5, when the alkali activator modulus was 0.9–1.2, the UCS
of the stabilized soil generally increased first and then decreased with the increase of the
F/S value. The maximum value was obtained when the F/S value was 20/80. The 3, 7,
and 28 d strengths of II-1-O were 1.60, 1.74, and 2.13 MPa, respectively, and the 3 d/28 d
UCS ratio and 7 d/28 d UCS ratio of II-1-O were 75.12% and 81.69%, respectively. The 3, 7,
and 28 d strengths of II-2-O were 1.65, 1.89, and 2.26 MPa, respectively, and its 3 d/28 d
UCS ratio and 7 d/28 d UCS ratio were 73.01% and 83.63%, respectively. In contrast, the
early strength growth rate of II-2-O was higher. This indicated that the alkali-excited fly
ash/slag system in the stabilized soil reached a suitable state, and the higher strength was
attributed to the complex synergistic relationship between the geopolymerization and the
CaSiO3 hydration reaction [53]. When the alkali activator modulus was 1.5–2.1, the UCS
of stabilized soil at each age decreased gradually with the increase of F/S values. Among
them, the 28 d UCS of I-5-O, II-5-O and III-5-O were 2.04, 2.02, and 1.89 MPa, respectively;
their 3 d/28 d strength ratios were 66.18%, 64.36%, and 62.43%, respectively. Obviously, the
increase in the proportion of fly ash not only decreased the later strength, but also delayed
the early strength development of the stabilized soil.

3.3.3. Effect of the Alkali Activator Modulus on the UCS of Stabilized Soil

The main function of the alkali activator solution was to excite the pozzolanic activities
of fly ash and slag, which were more pronounced at high ambient temperatures [54]. As
described in Section 3.3.1, the average proportion of 7 d UCS to 28 d UCS of O series
stabilized soils reached 70.37–83.63%. Additionally, as observed in Section 3.3.2, the largest
28 d UCS was obtained at a F/S value of 20/80. In view of this, the strength test results of
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stabilized soil with an F/S value of 20/80 prepared by the one-step method were used as
the representative for analysis. Figure 6 shows the strength development trends of II-1-O,
II-2-O, II-3-O, II-4-O and II-5-O.
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As shown in Figure 6, the strength of the stabilized soil increased when the alkali
activator modulus was increased from 0.9 to 1.2, under the conditions that the preparation
method was the one-step method and the F/S value was 20/80. In contrast, the 3, 7, and
28 d UCS values of II-2-O were 3.1%, 8.6%, and 6.1% higher than that of II-1-O, respectively.
When the alkali activator modulus continued to increase, the strength of the stabilized
soil showed a downward trend. Overall, this indicated that 1.2 was the optimal alkali
activator modulus for II-2-O with an F/S value of 20/80, representing a good balance
between aluminosilicate and alkali activator solutions.

The alkali-excited reactions of geopolymers are mainly a process of synthesizing gel
products from substances rich in silicon and aluminum elements under the excitation
conditions of alkaline solutions. The alkali activator plays an important role in geopoly-
merization, providing both hydroxide ions (OH−) and sodium ions (Na+). Among them,
OH− promotes the hydrolysis of the aluminosilicate in the first stage, as presented in
Equations (3)–(5) [55], while Na+ contributes to the charge balance of the aluminosili-
cate network.

Al2O3 + 3H2O + 2OH− → 2 [Al(OH) 4]
− (3)

SiO2 + H2O + OH− → [SiO(OH) 3]
− (4)

SiO2 + 2OH− → [SiO 2(OH)2]
− (5)

4. Conclusions

Based on the needs of practical engineering applications, this study focused on the
effects of three factors, including preparation method, alkali activator modulus, and fly
ash/slag ratio, on the workability and strength development of geopolymer-stabilized soil.
The measured parameters included initial and final setting times, fluidity values and UCS
(unconfined compressive strength). The following valuable conclusions were drawn:

(1). The development trend of the setting time of the fly ash and slag-based geopolymer-
stabilized soil was identical to the fluidity. The setting time and fluidity values of
the stabilized soils prepared by the one-step method were slightly lower than those
prepared by the two-step method. With increases in of the modulus of the alkali
activator or the proportion of fly ash, the setting time of stabilized soil was gradually
prolonged, and the fluidity increased.
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(2). The one-step method improved the early strength development rate and UCS value
stability of the geopolymer-stabilized soil. The 3 d/28 d UCS ratios of the stabilized soil
prepared by the one-step method were 62.43–78.60%, and the 7 d/28 d UCS ratios were
70.37–83.63%. As for the stabilized soil prepared by the two-step method, the 3 d/28 d
UCS ratios were 44.93–57.61%, and the 7 d/28 d UCS ratios were 49.27–71.12%.

(3). By using the one-step method, the UCS value of stabilized soil first increased and
then decreased with the increase of the fly ash/slag ratio when the alkali activator
modulus was 0.9–1.2, while the UCS of stabilized soil at each age gradually decreased
with the increase of fly ash/slag ratio when the alkali activator modulus was 1.5–2.1.

In this study, a geopolymer-stabilized soil (II-2-O) with an alkali activator modulus
of 1.2 and a fly ash/slag ratio of 20/80 was prepared by the one-step method, achieving a
good balance between aluminosilicate and alkali activator solution. The 3, 7, and 28 d UCS
values of II-2-O were 1.65, 1.89, and 2.26 MPa, respectively, and its 3 d/28 d UCS ratio and
7 d/28 d UCS ratio were 73.01% and 83.63%, respectively.
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Ferrochrome Slag Based Geopolymer Paste and Mortar. Constr. Build. Mater. 2014, 72, 283–292. [CrossRef]
52. Ling, Y.; Wang, K.; Wang, X.; Hua, S. Effects of Mix Design Parameters on Heat of Geopolymerization, Set Time, and Compressive

Strength of High Calcium Fly Ash Geopolymer. Constr. Build. Mater. 2019, 228, 116763. [CrossRef]
53. Gu, G.; Xu, F.; Zhou, Y.; Huang, X.; Li, Y. Formation Mechanism of Early Strength in Geopolymer Based on Molar Ratio of Mineral

Components. Acta Mater. Compos. Sin. 2020, 37, 2036–2044. (In Chinese)
54. Silva, G.; Castaeda, D.; Kim, S.; Castaneda, A.; Bertolotti, B.; Ortega-San-Martin, L.; Nakamatsu, J.; Aguilar, R. Analysis of The

Production Conditions of Geopolymer Matrices from Natural Pozzolana and Fired Clay Brick Wastes. Constr. Build. Mater. 2019,
215, 633–643. [CrossRef]

55. Ahmari, S.; Ren, X.; Toufigh, V.; Zhang, L. Production of Geopolymeric Binder from Blended Waste Concrete Powder and Fly Ash.
Constr. Build. Mater. 2012, 35, 718. [CrossRef]

http://doi.org/10.3390/polym14020307
http://www.ncbi.nlm.nih.gov/pubmed/35054713
http://doi.org/10.1016/j.cscm.2022.e00886
http://doi.org/10.1016/S0008-8846(02)00717-2
http://doi.org/10.1016/j.conbuildmat.2018.09.065
http://doi.org/10.1016/j.conbuildmat.2016.11.117
http://doi.org/10.1016/j.acme.2016.12.005
http://doi.org/10.1016/j.proeng.2016.06.624
http://doi.org/10.1617/s11527-017-1048-0
http://doi.org/10.1016/j.conbuildmat.2014.09.021
http://doi.org/10.1016/j.conbuildmat.2019.116763
http://doi.org/10.1016/j.conbuildmat.2019.04.247
http://doi.org/10.1016/j.conbuildmat.2012.04.044

	Introduction 
	Materials and Test Program 
	Materials 
	Mix Proportions and Sample Preparation 
	Test Methods 
	Setting Time 
	Fluidity 
	Unconfined Compressive Strength (UCS) 


	Results and Discussion 
	Setting Time 
	Fluidity 
	Strength Development 
	Effects of the Preparation Methods on the UCS of Stabilized Soil 
	Effect of the Fly Ash/Slag Ratio on the UCS of Stabilized Soil 
	Effect of the Alkali Activator Modulus on the UCS of Stabilized Soil 


	Conclusions 
	References

