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One-part or “just add water” geopolymer is a cementitious material, which is friendly to
environment and users in applications. However, the mechanical behavior of the soft soil
stabilized by one-part geopolymer is not well acknowledged. In this study, soft clay was
stabilized with ground granulated blast furnace slag (GGBFS) and fly ash (FA)-based
geopolymer, which is a mixture of solid aluminosilicate precursor (Al-Si raw materials:
GGBFS and FA), solid alkali activator, and water. The objective was to adopt one-part
geopolymer as an alternative soil binder to completely replace ordinary Portland cement
(OPC) for stabilizing the soft clay and evaluate the effect of the factors (i.e., GBFS/FA ratio in
Al-Si precursor, activator/Al-Si precursor ratio, and water/binder ratio) that influenced the
early strength. Results showed that the increase of the FA content in the Al-Si precursor
increased the unconfined compressive strength (UCS) values significantly through the
geopolymerization process. The highest UCS values were achieved with 90% GGBFS to
10% FA in the precursor when the activator/precursor and water/binder ratio is 0.15 and
0.7, respectively. The UCS values of geopolymer-stabilized clay could reach 1.5 MPa at
14 days at ambient temperature, which is much higher than that of OPC-stabilized clay.
The microstructure and mineralogy analyses indicated that the prolific hydration products,
such as calcium silicate hydrate (C-S-H), calcium aluminum hydrate (C-A-H), and calcium
aluminum silicate hydrate (C-A-S-H), contributed greatly to strengthen the soft clay by
forming the soil skeleton and infilling among clay particles, while sodium aluminosilicate
(N-A-S-H) gel is only served to fill the part of porosities in the soil and cannot effectively
enhance the UCS of the one-part geopolymer-stabilized soft clay. This paper results
suggested that one-part GGBFS-FA–based geopolymers have the potential to replace
OPC in the manufacture of stabilized soft clay.
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INTRODUCTION

Geopolymer is an alternative binder agent that belongs to a new type of cementitious material, which
is polymerized from Al-Si raw materials. The Al-Si raw materials are usually available from low-cost
industrial by-products such as ground granulated blast furnace slag (GGBFS) and fly ash (FA). With
the activation of alkali-activator, the Al-Si raw materials produce hydration materials with the
characteristics of high early strength. In geotechnical engineering, the ordinary Portland cement
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(OPC) is normally used as a soil stabilizer to improve soil with
poor mechanical properties (Keshawarz and Dutta, 1993; Taha
et al., 2002; Horpibulsuk et al., 2006; Chinkulkijniwat et al., 2012;
Du et al., 2013; Ma et al., 2018). However, it is well known that the
OPC consumes a lot of energy resources and emits a lot of CO2

gases, causing environmental pollutions in the production
process (Davidovits, 1991; Bakharev et al., 2001a; Bakharev
et al., 2001b; Huntzinger and Eatmon, 2009). At the same
time, the OPC-stabilized soft clay often has the problem of
insufficient early strength. Since the Al-Si raw materials of the
geopolymer came from industrial by-products with the lower cost
compared to OPC, adopting the geopolymer as the binder agent
to stabilize the soil had a great potential to solve the “3H”
problems (high pollution, high energy consumption, and high
cost) induced by the application of OPC binder. Furthermore, the
early strength development of geopolymer paste was faster than
that of OPC paste, which might enhance the early strength of
stabilized soil and shorten the constriction time.

In recent years, the application of geopolymers in the
stabilized soil has been widely studied. Cristelo et al. (2011)
investigated the mechanical strength of FA-based geopolymer-
stabilized soft soil with the sodium-based alkali activators and
found that the unconfined compressive strength (UCS) values of
FA-based geopolymer-stabilized soft soil increased to 900 kPa
compared to untreated soil with the initial strength of 100 kPa.
Zhang et al. (2013) adopted the metakaolin-based geopolymer to
stabilize the soil at shallow depth. It was found that the
geopolymer gel could help soil particles form dense
microstructures and improve the original strength of the soil
significantly. Itthikorn et al. (2018) used the FA and GGBFS as
Al-Si raw materials and liquid alkali as the activator to stabilize
the base layer in pavement engineering. The effects of GGBFS, the
molarity of the liquid alkali activator, and curing time on the early
strength development of the stabilized soil were investigated. It
was reported that at seven days, the UCS values of the
geopolymer-stabilized soil achieved 7 MPa. The scanning
electron microscope (SEM) results indicated that the calcium
silicate hydrate (C-S-H) and sodium aluminosilicate hydrate
(N-A-S-H) products were formed in the geopolymer-
stabilized soil.

However, the above application of geopolymers in the
stabilized soil usually adopted the two-part geopolymer
technology. As for the two-part geopolymer, a liquid alkali
activator was first prepared by a mixture of sodium
hydroxide (NaOH, NH) solution and sodium silicate
(Na2SiO3, NS) solution with certain Al/Si molar ratio
(Duxson et al., 2007; Provis and John, 2014). The liquid
alkali activator was then added to the silicoaluminate raw
material to synthesize the geopolymer paste. Finally, the
geopolymer paste was used as a binder agent to stabilize the
soil. In the practice of soil improvement, the deep cement
mixing and the jet grouting were the main techniques to
enhance the strength and stiffness of the soft soil at varied
depths. In the jet grouting technique, the OPC and water were
prepared within different pipes. After the drilling bit reached the
soft soil at a certain depth, the OPC paste formed by the mixing
of OPC and water with certain ratio would fill into an in situ soil

layer. However, adopting alkaline solutions limits the
commercial application of the two-part technology since it is
difficult to handle these viscous, corrosive solutions in the
construction site. The traditional two-part technology has
some problems, such as high transportation cost and
environmental protection. Thus, it is urgent to develop a new
kind of geopolymer that could be used similarly to OPC. As for
the one-part geopolymer, the alkali activator is prepared in the
form of solid particles. It is expected that only a dry mixture
would be needed in addition to water if the geopolymer was
adopted for in situ ground improvement. Solid alkali activators
can be more convenient in transportation and lower the price of
transport costs. At the same time, solid alkali activators can
reduce the harm of alkaline activator solution.

The major difference between two- and one-part
geopolymers was the reactive rate and the availability of Si,
Al, and Ca in source materials, which influenced the strength
and microstructure development of geopolymers. Hence, the
solid Al-Si materials were usually adopted in one-part
geopolymers (Zhang et al., 2013). Research has been carried
out to synthesize one-part geopolymers using a combination of
different kinds of solid Al-Si raw materials and solid alkali
activators. The common solid Al-Si raw materials adopted in
one-part geopolymer mixes were FA and GGBFS (Nematollahi
et al., 2017a; Nematollahi et al., 2017b; Wang et al., 2017).
Since the high-calcium FA (defined as the ASTM class C FA)
had the drawback of too rapid setting (Chindaprasirt et al.,
2012), the low calcium FA (known as the ASTM class F FA)
was the majority of FA used in one-part geopolymers. The
GGBFS was seemed as a calcium-rich Al-Si raw material and
commonly used with class F FA in the one-part geopolymer
mixtures (Kim et al., 2013). It was found that adopting GGBFS
in source materials can significantly promote the reactivity of
low calcium content in FA during the synthesizing process of
geopolymers (Duxson and Provis, 2008; Bondar et al., 2019).
Alkali activators adopted in one-part geopolymer mixtures are
mainly solid NH (or NS, Na2CO3, NaAlO2, and KOH)
(Nematollahi et al., 2017a; Nematollahi et al., 2017b). It was
observed that the modulus (i.e., Si/Na molar ratio) of
activators had impacts on the settling time and strength of
the geopolymer paste significantly (Nematollahi et al., 2015;
Wang et al., 2017). The main binding phases of one-part alkali-
activated geopolymers were found to be amorphous C-S-H,
calcium aluminate hydrates (C-A-H), and calcium
aluminosilicate hydrates (C-A-S-H) gels (Gluth et al., 2013;
Venkatanarayanan and Rangaraju, 2013; Sturm et al., 2015;
Sturm et al., 2016a; Sturm et al., 2016b; Peys et al., 2016), which
were similar to what generated in two-part geopolymers in the
high-calcium system. These hydrate gels were the main
contributors to enhance the strength of geopolymers. In
addition, these hydrate gels can play an important role in
the cementation between soil particles, which leads to the
improvement of soil strength. Therefore, it is very
promising to adopt the one-part geopolymer as a novel
binder to stabilize soft soil. However, to the best of the
author’s knowledge, there are no published studies
investigating the feasibility of the one-part geopolymer as a
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soil stabilizer or the mechanical behavior of the soft soil
stabilized by one-part geopolymers.

Therefore, this paper intends to adopt one-part geopolymer
as an alternative binder to completely replace OPC for
stabilizing the soft clay. In the present study, the solid
precursor of GGBFS and FA and solid NH activator were
mixed and used as the source material. Water was then
added to the solid source material to form the geopolymer
binder-slurry, which was employed to stabilize the soft clay. The
OPC-stabilized soft clay was also made for comparison. The
effect of the amount of GGBFS and FA in the solid
aluminosilicate precursor, the ratio of solid NH to precursor,
and the water-to-binder ratio on the early strength development
of one-part geopolymer-stabilized soil was investigated and
evaluated through the UCS test. The SEM, energy-dispersive
X-ray spectrometer (EDS), and X-ray diffraction (XRD) analysis
were conducted to investigate the development of
microstructure of the one-part geopolymer-stabilized soil.

The outcome of this paper would enable one-part GGBFS
and FA-based geopolymers to be used as alternative binders
to OPC in soil improvement.

MATERIALS AND METHODS

Materials
The soil sample used in the current study was the silt clay taken
from the construction site at a depth of 12 m in Putuo district of
Shanghai, China. The basic physical and mechanical properties of
the soil are reported in Table 1. In addition, the particle size
distribution curves of soil are given in Figure 1. The chemical
composition of soil obtained from X-ray fluorescence
spectroscopy (XRF) is given in Table 2. The undrained shear
strength of this type of soil was about 20 kPa, which was too weak
to support the proposed construction. Therefore, this soil was
selected to be stabilized by one-part geopolymers in the
current study.

GGBFS adopted in the current study was obtained from
Suqian Huayi Concrete Co., Ltd., from Jiangsu Province,
China. The chemical composition of GGBFS obtained from

TABLE 1 | Basic properties of the soil used in the current study.

Properties Values

Liquid limit, LL (%) 43.3
Plastic limit, PL (%) 24.6
Plasticity index, PI (%) 18.7
In situ water content, w (%) 50
Initial void ratio, e0 1.16
Specific gravity, Gs 2.74
Total unit weight, rb (kN/m3) 17.5
In situ shear strength (kPa) 20

FIGURE 1 | Particle size distribution curves of soil.

TABLE 2 | Chemical compositions of soil, GGBFS, and FA from XRF analysis (%).

MgO Al2O3 SiO2 CaO TiO2 P2O5 K2O

Soil 2.56 15.9 56.8 4.99 1.20 0.177 3.84
GGBFS 7.63 0.81 37.29 53.01 0.34 0.43 —

FA 0.68 29.46 56.38 2.76 2.76 — 1.53
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XRF is given in Table 2. The main chemical composition in the
current GGBFS is CaO, SiO2, and MgO. The XRD pattern
indicates that GGBFS mainly has the trace of calcium silicate
in which the amorphous humps were in the region of 20°–45°, as
shown in Figure 2. FA was supplied from a power plant in
Jiangyin City, Jiangsu Province, China. Table 2 reports the
chemical composition of FA obtained from XRF. Hence, the
FA in the current study was classified as a low calcium class F FA.
The XRD pattern of FA is given in Figure 3. The alkali activator
used in this paper was commercially available solid NH particles
with a purity of 99%. In addition, the particle size distribution
curves of GGBFS and FA are shown in Figure 4.

Sample Preparation
After being placed in an oven drying for 24 h, the raw soil was
sieved through a 5 mm sieve to prepare a remolded specimen. The

water content used in the remolded soil was 50%, which was the
soft clay’s natural in situ water content. The procedure for
preparing the one-part geopolymer-stabilized soil sample was
similar to that cement-stabilized soil (Chew et al., 2004). The
prescribed amount of water was first added into the dry soil
particles to form clay-slurry. Binder (solid aluminosilicate
precursor and solid alkali activator)-slurry was obtained
through mixing with a certain water–binder ratio and was
then added to clay-slurry to achieve the uniform mixing in the
stabilized soil sample. All mixing was done within 45 min to avoid
hardening of the soft clay–geopolymer mixture. The mixture was
then placed into a PVC mold with a dimension of 39.8 mm in
diameter and 80 mm height until the UCS test. In the laboratory
test (Palomoa et al., 1999; Bakharev, 2006), the prepared
geopolymer-stabilized soil samples were sealed with a plastic
sheet and cured at a room temperature of 21 ± 2°C with a

FIGURE 2 | XRD pattern of GGBFS in the current study.

FIGURE 3 | XRD pattern of FA in the current study.
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relative humidity of 95%. After 24 h, the samples were demolded
and then immediately wrapped in a plastic sheet and cured under
the same condition as the abovementioned curing condition.

After completing the preparation of the sample, the UCS test
of the one-part geopolymer-stabilized soil samples was conducted
after 3, 7, and 14 days’ curing time to investigate the early strength
development. To study the development of microstructure in the
one-part geopolymer-stabilized soil samples, the SEM analysis
was performed on selected samples. In order to investigate the
chemical compositions of the formed hydration products in the
geopolymer-stabilized soft clay, the EDS test was conducted on
the selected areas of SEM samples. The XRD was also carried out
on the broken samples after UCS tests to observe the
mineralogical changes in the one-part geopolymer-stabilized
soft clay.

The cement-stabilized soil was set as the baseline test for
comparison. The cement binder was the OPC with a grade of
42.5. The soil was the same as that used in one-part geopolymer-
stabilized soft clay. After curing times of 3, 7, and 14 days, the
UCS values of the cement-stabilized soft soil were tested and then
compared to that of one-part geopolymer-stabilized soft clay.

Test Design
According to the previous research on OPC-stabilized soft clay
(Keshawarz and Dutta, 1993; Taha et al., 2002; Horpibulsuk et al.,
2006; Chinkulkijniwat et al., 2012; Du et al., 2013; Kang et al.,
2016), the optimum proportion of the binder in the cement-
stabilized soft clay was suggested to be in the range of 20–60%
(binder to dry soil mass). In order to highlight the advantage of
the one-part geopolymer stabilizer over the OPC binder in the

application of ground improvement, the ratio between the binder
and dry soil mass remained at 20% for both soil stabilizers. For
the geopolymer binder in the current study, the binder was
composed of raw materials (GGBFS and FA) and solid NH
activator. The factors were considered as follows: the ratio of
GGBFS to FA in the solid aluminosilicate precursor, the ratio of
the solid NH activator to the precursor, and the ratio of the water
to binder. Table 3 summarizes the samples with consideration of
the above three factors. In the test, each design mixture is used in
three samples to eliminate the sample error and ensure the
accuracy of the test results.

FIGURE 4 | Particle size distribution curves of GGBFS and FA.

TABLE 3 | Mixing proportion of samples in the current study (by mass).

Mix no GGBFS: FA NH:
Al-Si raw material

Water: binder Molarity

1 100:0 0.1 0.7 3.27
2 0.15 0.7 4.64
3 0.15 0.6 5.42
4 0.15 0.5 6.5
5 0.2 0.5 8.33
6 90:10 0.1 0.7 3.27
7 0.15 0.7 4.64
8 0.15 0.6 5.42
9 0.15 0.5 6.5
10 0.2 0.5 8.33
11 80:20 0.1 0.7 3.27
12 0.15 0.7 4.64
13 0.15 0.6 5.42
14 0.15 0.5 6.5
15 0.2 0.5 8.33
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However, for the analysis purpose, the ratio of NH to raw
materials and the water-to-binder ratio can be combined to the
factor of molality of the alkali activator similar to that in two-part
geopolymers (Glukhovsky et al., 1980; Bakharev et al., 1999). In
the current study, the ratio of NH to raw and the water to binder
ratio can be expressed in terms of molality of NH solution as
follows:

C(NH) � n(mol)
v(l) � mNH/MNH

mW/ρW
, (1)

in which C(NH) is defined as the molarity of NH solution, n
represents the amount of substance, v represents the volume of
alkaline solution,mNH is the mass of NH,mW is themass of water,
MNH represents the molar mass of NH, and ρW refers to the
density of water.

RESULTS AND DISCUSSION

Effect of Ground Granulated Blast Furnace
Slag to Fly Ash Ratio in Raw Material
The UCS values of one-part GGBFS and FA-based
geopolymer-stabilized soft soil with different ratios of
GGBFS to FA in raw materials are reported in Figure 5. It
is clearly shown that the strength of geopolymer-stabilized soft
soil increased with an increase in curing time. Therefore, it can
be expected that geopolymers can play a role in improving the
strength of soft soil and prove the feasibility that the current

one-part geopolymer binder can be used to stabilize the
soft soil.

For the mixing proportions with 100% GGBFS in the
precursor, the UCS values of the stabilized soil were increased
for the varied molalities of NH solution. When the FA content
was less than 10%, the UCS values of one-part geopolymer-
stabilized soil increased with an increase in the FA content; while
for the FA content being more than 10%, further increasing FA
content would decrease the UCS values of the stabilized soft soil.
This means that the highest UCS values of the one-part
geopolymer-stabilized soil were achieved when the FA content
was about 10% in raw materials. Excessive amount of FA had a
negative impact on the strength development of the
stabilized soil.

This phenomenon might be explained as follows. The silicon-
rich and calcium-rich components in the GGBFS released a large
amount of silicate and calcium ions under the action of NH
activator, and then these ions would react with each other to form
the calcium silicate hydrates (C-S-H), which were used to connect
the soil particles and enhance the UCS values of the stabilized soil.
When the FA content was less than 10%, a little FA was partially
involved in the hydration reaction. Since the FA used in the
current study was defined as the low calcium material, the glassy
phases (i.e., calcium-rich phase) in the GGBFS were first
dissociated to calcium-rich components (Ca2+) under the
attack of NH solution. Then, Ca2+ would react with the active
components of SiO2 and Al2O3 in the FA to form a large amount
of hydrated products of C-S-H, C-A-S-H, and C-A-H gels. With

FIGURE 5 | UCS results of the one-part GGBFS-FA–based geopolymer-stabilized soil with different ratios of GGBFS to FA in the aluminosilicate raw material.
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an increase in curing time, such hydration products overlapped
each other, thereby increasing the strength of the one-part
geopolymer-stabilized soft soil. Another aspect was that due to
the spherical shape of FA, the FA played a role in rolling and
lubricating in the binder-slurry, which would improve the fluidity
of the binder-slurry, and made the binder-slurry spread more
uniformly in the soft clay. This phenomenon indicated that the
implementation of FA in rawmaterials performed the retardation
of the initial setting time of binder-slurry. However, when the FA
content in the precursor was beyond the certain amount, the
silica–oxygen and aluminum–oxygen bonds in FA were rapidly
broken and polycondensated to a three-dimensional
aluminosilicate network structure of N-A-S-H, one kind of
geopolymer in the low calcium system (Davidovits, 1989;
Palomoa et al., 1999), under the activation of NH solution. It
was found that the molecular structure of such an aluminosilicate
gel was stable and cannot react with other active components in
raw materials with an increase in curing time. Hence, the soil
particle cannot be connected by such an aluminosilicate gel,
resulting in the low UCS value of the stabilized soil. It can
explain why the optimum ratio of GGBFS to FA in raw
materials was 90% GGBFS and 10% FA.

Effect of Solid NH Content and
Water–Binder Ratio
Figure 6A reports the UCS values of the one-part geopolymer-
stabilized soil with 100% GGBFS in raw materials under varied
molalities of NH solution. From the figure, it was clearly shown
that when the molarity of NH solution was between 4.64 and
5.64 mol/L, the UCS values of stabilized soil reached a higher
value of 1.4 MPa at 14 days’ curing time compared to that of the
molarity of NH solution that is higher than 5.64 mol/L or lower
than 4.64 mol/L. This indicated that the higher or lower molarity
of NH solution would not improve the mechanical property of
soft clay significantly. This might be possible that the higher
molarity of NH solution would cause the rapid reaction process in
the geopolymer paste, resulting in shortening of initial setting
time. During the preparation of the sample, it was observed that
the geopolymer binder-slurry became a clump rapidly before
mixing with soil, which might be the reason that geopolymer-
stabilized soil with 100%GGBFS under the higher molarity of NH

solution presented the low compressive strength. At the same
time, the lower molarity of NH solution would not effectively
attack silicon-rich and calcium-rich components in the GGBFS,
causing the low UCS values of the stabilized soil. Hence, for the
one-part geopolymer-stabilized soil with the 100% GGBFS in raw
materials, the optimum molarity of NH solution was found to be
in the range of 4.64 mol/L– 5.64 mol/L.

Figure 6B,C reports the UCS values of the one-part
geopolymer-stabilized soil with GGBFS/FA ratios of 90–10%
and 80–20% in Al-Si raw materials under various molarities of
NH solution, respectively. From Figure 6B, it was found that
when the molarity of NH solution was 4.64 mol/L, the UCS values
of the stabilized soil with 90% GGBFS and 10% FA achieved
1.5 MPa while for the stabilized soil with 80% GGBFS and 20%
FA, the optimum molarity of NH solution was found to be
6.50 mol/L. This is possible that the FA was an inert material,
which was hardly activated by the low concentration of the NH
solution. It can be postulated that the lower concentration of NH
solution cannot effectively attack the aluminosilicate in the
GGBFS and FA from the hydration gels, causing less
improvement of the UCS values of the stabilized soil, while
the higher concentration of the NH solution would induce the
rapid releasing of calcium and silica ions in GGBFS and FA
materials and reduce the setting time of geopolymer paste. Hence,
after the binder-slurry was added into the soil, the soil particle
cannot be effectively connected by the hydration gels from one-
part geopolymers.

Comparison with Cement-Stabilized Soft
Clay
Figure 7 reports the UCS values for the OPC with a grade of 42.5
stabilized soil and one-part geopolymer-stabilized soil with 90%
GGBFS and 10% FA at 4.64 mol/L NH solution. It was shown that
at 7 days, the UCS values of the one-part geopolymer-stabilized
soil and cement-stabilized soil were 1.0 and 0.8 MPa, respectively,
while at 14 days, the compressive strength of geopolymer-
stabilized soil was much higher than that of cement-stabilized
soil, which indicated that the GGBFS-FA–based geopolymer
prepared by the one-part method in the current study can be
used as an alternative soil stabilizer. Compared to the source of
cement, the source of the geopolymer was the by-products with

FIGURE 6 | UCS of soil stabilized by geopolymers with different molar concentrations of NH solution.

Frontiers in Materials | www.frontiersin.org April 2021 | Volume 8 | Article 6164307

Zheng and Wu Sustainable One-Part Geopolymer Soil Binder

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


lower cost. Thus, the one-part GGBFS-FA–based geopolymer
proposed in this study can be widely applied in the practice of
ground improvement.

Scanning Electron Microscope Analysis
To study the microstructure of one-part geopolymers, SEM was
used. From the above UCS values, it was observed that the one-
part GGBFS-FA–based geopolymer-stabilized soft clay for each
GGBFS/FA ratio had their corresponding optimum mixing
proportion, that is, 1) for GGBFS: FA � 100:0, NH activator-
to-raw material ratio � 0.15, water-to-binder ratio � 0.6, and
molarity of NH solution � 5.42 mol/L; 2) GGBFS: FA � 90:10, NH
activator-to-rawmaterial ratio � 0.15, water-to-binder ratio � 0.7,
and molarity of NH solution � 4.64 mol/L; and 3) GGBFS:
FA � 80:20, NH activator-to-raw material ratio � 0.15, water-
to-binder ratio � 0.5, and molarity of NH solution � 6.50 mol/L.
In order to further investigate the factors of GGBFS/FA ratio and
molarities of NH solution on the development of the
microstructure in geopolymer-stabilized soft clay at different
curing times, the SEM image of soil samples with the above
three mix proportions would be presented.

The morphology of hydration products in the one-part
geopolymer-stabilized soft clay with 100% GGBFS to 0% FA at
5.42 mol/L NH solution is shown in Figure 8. It can be seen
that there were amorphous calcium silicate (C-S-H) gels in the
stabilized soil, indicating that the early strength development
of the stabilized soft clay was mainly due to the C-S-H gels.
The C-S-H gel existed mainly in the form of network
structure. At a curing time of 3 days, the stabilized soil
samples produced few C-S-H gels. The microstructure of
the sample was found to be loose. With an increase in
curing time, more C-S-H gels were produced, and hence,
the soil particles were tightly wrapped. At a curing time of
14 days, the hydration gel products were connected to each
other, making the microstructure of the samples dense.
Hence, the compressive strength of the stabilized soils
increased significantly.

The SEM image of hydration products in the one-part
geopolymer-stabilized soft clay with 90% GGBFS and 10%
FA at 4.64 mol/L NH solution is shown in Figure 9. It was
observed that at 3 days, the stabilized soil sample produced few
C-S-H gels, inducing the loose state in the microstructure of the
soil sample. At the same time, C-A-H and C-A-S-H gels were
found in the formation of fibrous shape, confirming that the FA
was involved in the reaction process. For the curing times of 7
and 14 days, the C-S-H and C-A-H gels overlapped and were
found to form high compactness in the microstructure of the
soil samples. It can be concluded that the implementation of FA
in raw materials would react to produce hydrated gels to
enhance the UCS values of the one-part geopolymer-
stabilized soil.

From Figure 10, the morphology of hydration products in
the one-part geopolymer-stabilized soft clay with 80% GGBFS
and 20% FA at 6.50 mol/L NH solution is reported. It was
observed that some C-S-H gels were produced and overlapped
with each other with an increase in curing times. However, some
N-A-S-H gels with the formation of bulk (the chemical property
of this material was analyzed by EDS in the following part) were
observed at the early age of 3 days, which indicated the FA was
involved in the geopolymerization process, in which the
silica–oxygen and aluminum–oxygen bonds in FA were
rapidly broken and polycondensated to an amorphous three-
dimensional aluminosilicate structure with the formation of the
tetrahedron [SiO4] and [AlO4] (N-A-S-H). From the SEM

FIGURE 7 | UCS of soil stabilized by cement and mix #7 geopolymers.

FIGURE 8 | SEM image of the one-part geopolymer-stabilized soft clay with 100% GGBFS and 0% FA at 5.42 mol/L NH solution: (A) 3 d; (B) 7 d; (C) 14 d.
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image, some white dots were observed and determined to be
unreacted FA materials (confirmed by the EDS results in the
following part). It is clearly shown that even at the curing time of
14 days, many bulk parts and FA materials were observed and
the microstructure of the soil sample was loose. This confirmed
that FA was involved in the synthesis process of geopolymer to
generate the N-A-S-H material, which cannot connect the soil
particles effectively. The excessive amount of FA in raw
materials cannot improve the strength of the stabilized soft
clay significantly.

Energy-Dispersive X-Ray Spectrometer
Analysis
Since the SEM image reported the morphology of hydration
products in one-part geopolymer-stabilized soft clay, the EDS test
was further conducted to analyze the chemical composition of the
hydration products.

Figure 11 gives the EDS analysis of the selected areas within
the one-part geopolymer-stabilized soft clay with 90% GGBFS
and 10% FA at 4.64 mol/L NH solution. The elemental
composition of the selected areas is summarized in Table 4.
The main elemental components of the cementitious material
were composed of Ca, Si, and Al, in which the atomic
percentage of Ca, Si, and Al was found to be 8.64, 16.81,
and 5.62, respectively. It can be concluded that this kind of
cementitious material is C-S-H gel. From the SEM image
(Figure 9), it can be observed that the cementitious

material was abundant in GGBFS and FA-based
geopolymer-stabilized soil, which is the main reason for the
strength improvement of the one-part GGBFS and FA-based
geopolymer-stabilized soil.

Figure 12 gives the EDS analysis of the selected areas within
the one-part geopolymer-stabilized soft clay with 90% GGBFS
and 10% FA at 4.64 mol/L NH solution. The elemental
composition of the selected areas is summarized in Table 5.
Another major cementitious material existed in GGBFS and FA-
based geopolymer-stabilized soil. The main elemental
components of the cementitious material were composed of
Ca, Si, and Al, in which the atomic percentage of Ca, Si, and
Al was found to be 16.64, 10.10, and 11.81, respectively. These
results demonstrated qualitative evidence for the formation of
C-A-H or C-A-S-H gels in the soil samples. Hence, it can be
concluded that such hydrated products were served to enhance
the early UCS values of the one-part GGBFS and FA-based
geopolymer-stabilized soil.

Figure 13 gives the EDS analysis of the selected areas within the
geopolymer-stabilized soft clay with 80% GGBFS and 20% FA at
6.50mol/L NH solution after a curing time of 14 days Table 6
reports the chemical composition of the selected areas. It should be
noticed that the morphology of hydration products in the selected
area had the bulk shape. From the figure, it is observed that the main
components in the selected area were Na, Al, and Si with atomic
percentages of 4.49, 7.72, and 18.44%, respectively. This result
indicated that under the action of NH activator with the high
concentration, the silicon atom reacted with aluminum in the Al-

FIGURE 9 | SEM image of the one-part geopolymer-stabilized soft clay with 90% GGBFS and 10% FA at 4.64 mol/L NH solution: (A) 3 d; (B) 7 d; (C) 14 d.

FIGURE 10 | SEM image of the one-part geopolymer-stabilized soft clay with 80% GGBFS and 20% FA at 6.50 mol/L NH solution: (A) 3 d; (B) 7 d; (C) 14 d.
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Si rawmaterial, that is, the process of polycondensation occurred for
the silicon and the aluminum element, and the released silicon-rich
and aluminum-rich atoms reacted with water to form the
geopolymer. However, such a product cannot connect the soil
particles effectively and only served to fill the porosity of the soil,
thus making little contribution to enhance the UCS values of the soil
sample. Hence, it was confirmed that the excessive amount of FA
would not significantly improve the strength of one-part
geopolymer-stabilized soft clay.

Based on the SEM results, it was found that when the FA
content in the Al-Si raw material was 10%, there were few
spherical particles, while when the FA content in the Al-Si
raw material reached 20%, a large number of spherical
particles were found, as shown in Figure 10. Hence, the EDS
analysis was conducted on this kind of spherical particle to obtain
its elemental component, which is reported in Figure 14 and
Table 7. From the table, it is found that the atomic percentage of
Si and Al was 18.62 and 6.82, respectively, which confirmed that

FIGURE 11 | EDS of C-S-H from the one-part geopolymer-stabilized soil sample with 90% GGBFS and 10% FA at 4.64 mol/L NH solution: (A) Electronic image;
(B) Spectral diagram.

TABLE 4 | Elemental composition for selected areas in the one-part geopolymer-stabilized soil sample with 90% GGBFS and 10% FA at 4.64 mol/L NH solution for C-S-H.

Element Weight percentage Atomic percentage Compound percentage Chemical formula

Na 2.23 2.27 3.01 Na2O
Mg 1.43 1.37 2.37 MgO
Al 6.49 5.62 12.27 Al2O3

Si 20.21 16.81 43.24 SiO2

K 2.16 1.29 2.61 K2O
Ca 14.52 8.46 20.32 CaO
Fe 12.59 5.26 16.19 FeO
O 40.36 58.92 — —

Total 100.00 — — —

FIGURE 12 | EDS of C-A-H or C-A-S-H from the one-part geopolymer-stabilized soil sample with 90% GGBFS and 10% FA at 4.64 mol/L NH solution: (A)
Electronic image; (B) Spectral diagram.

Frontiers in Materials | www.frontiersin.org April 2021 | Volume 8 | Article 61643010

Zheng and Wu Sustainable One-Part Geopolymer Soil Binder

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


FA partially involved in the geopolymer-stabilized soil. On
the other hand, it can also prove that after certain amount
of FA contents, further increasing amount of FA cannot
help to increase the strength of geopolymer-stabilized
soft soil.

X-Ray Diffraction Analysis
The XRD pattern of the one-part GGBFS-FA–based
geopolymer-stabilized soft clay for 14 days curing time is
given in Figures 15–17 in order to study the difference in
each phase. It can be observed from the XRD pattern
(Figure 2) of GGBFS, there was an amorphous phase in the
raw material of GGBFS, while the XRD pattern (Figure 3)

reported that there was a large amount of crystal material,
i.e., quartz, silicone, mullite, and magnetite in the FA raw
material. Under the action of alkaline activators, there was still
a lot of quartz phase in the sample, implying that with an
increase in FA content, the peak value of the main quartz phase
increased continuously, as shown in Figures 15–17. Since the
peak value represented the quality of crystal crystallization, it
can then be concluded that the FA might not react completely
in the stabilized soil. Combined with the UCS results of the
one-part GGBFS-FA–based geopolymer-stabilized soft clay, it
is shown that further increasing FA content would decrease the
UCS of the stabilized soft soil. Hence, it can be explained that
the FA was not the main component to produce the gels in the

TABLE 5 | Elemental composition for selected areas in the one-part geopolymer-stabilized soil sample with 90%GGBFS and 10% FA at 4.64 mol/L NH solution for C-A-H or
C-A-S-H.

Element Weight percentage Atomic percentage Compound percentage Chemical formula

Na 1.17 1.20 1.58 Na2O
Al 13.50 11.81 25.51 Al2O3

Si 12.02 10.10 25.72 SiO2

Cl 0.83 0.56 0.00 —

K 1.07 0.64 1.29 K2O
Ca 28.25 16.64 39.53 CaO
Fe 3.65 1.54 4.69 FeO
Zn 0.68 0.25 0.85 ZnO
O 38.82 57.26 — —

Total 100.00 — — —

FIGURE 13 | EDS of N-A-S-H from stabilized soft clay with 80% GGBFS and 20% FA at 6.50 mol/L NH solution: (A) Electronic image; (B) Spectral diagram.

TABLE 6 | Elemental composition for selected areas in the one-part geopolymer-stabilized soil sample with 80%GGBFS and 20% FA at 6.50 mol/L NH solution for N-A-S-H.

Element Weight percentage Atomic percentage Compound percentage Chemical formula

Na 4.83 4.49 6.51 Na2O
Mg 4.56 4.01 7.57 MgO
Al 9.76 7.72 18.44 Al2O3

Si 24.25 18.44 51.89 SiO2

K 2.02 1.10 2.44 K2O
Ca 4.95 2.64 6.92 CaO
Ti 4.84 1.85 6.23 TiO2

O 44.78 59.75 — —

Total 100.00 — — —
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reaction process of GGBFS-FA–based geopolymer. On the
contrary, it can indirectly demonstrate that GGBFS was the
main component to produce the gels in the reaction process of
GGBFS-FA–based geopolymer and then enhance the
compressive strength of the stabilized soft clay, which was
consistent with that observed in SEM results.

CONCLUSION

This paper studied the early strength development of the one-part
GGBFS-FA–based geopolymer-stabilized soft clay. The effects of the
GGBFS/FA ratio in the precursor, the ratio of NH activator to
precursor, and the water–binder ratio on the strength

FIGURE 14 | EDS of FA from the selected area in the sample with 80%GGBFS and 20% FA at 6.50 mol/L NH solution: (A) Electronic image; (B) Spectral diagram.

TABLE 7 | Elemental composition for selected areas in the one-part geopolymer-stabilized soil sample with 80% GGBFS and 20% FA at 6.50 mol/L NH solution for FA.

Element Weight percentage Atomic percentage Compound percentage Chemical formula

Na 1.18 1.15 1.59 Na2O
Mg 4.63 4.26 7.68 MgO
Al 8.23 6.82 15.55 Al2O3

Si 23.41 18.62 50.08 SiO2

K 4.21 2.41 5.08 K2O
Ca 2.18 1.21 3.04 CaO
Ti 0.72 0.34 1.21 TiO2

Fe 12.26 4.90 15.77 FeO
O 43.18 60.30 — —

Total 100.00 — — —

FIGURE 15 | XRD pattern of the one-part geopolymer-stabilized soft clay with 100% GGBFS and 0% FA at 5.42 mol/L NH solution for 14 days.
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development and microstructure of stabilized soft clay were
investigated via the UCS, SEM, XRD, and EDS test. The following
conclusions can be drawn:

(1) In the one-part GGBFS-FA–based geopolymer-stabilized
soft clay, the main hydration phase was the amorphous
C-S-H gel, which can be effectively activated by the solid
NH in one-part geopolymers. The reactive minor phases in
one-part geopolymers consisted of C-A-H and C-A-S-H
gels, which were the reaction products from the FA in raw
materials. The occurrence of the C-S-H, C-A-H, or C-A-S-
H gel would overlap each other with an increase in the
curing time and connect the soil particle to achieve high
compactness in the microstructure of stabilized soil.

(2) During the hydration process, one function of the FA was
used as a lubricant and water reducer, increasing the
fluidity and uniformity of the binder-slurry, another

function was providing the active SiO2 and Al2O3

components for the hydration reaction. In this paper,
the best mixing proportion of the one-part GGBFS and
FA-based geopolymer-stabilized soil was found to be 90%
GGBFS and 10% FA in rawmaterials, solid NH activator-
to-raw material ratio of 0.15, and water–binder ratio of
0.7, in which the UCS values reached 1.5 MPa at 14 days’
curing time.

(3) When the content of the FA in raw materials exceeded
certain amount, increasing the FA content would
perform negative impact on the early UCS values of
the stabilized soil. The main reason was that the Si-O-
Si and Al-O-Al bonds in the FA material were broken
and rapidly polycondensated to form an amorphous
aluminosilicate material (N-A-S-H). Such a reacted
structure was very stable and cannot induce a
secondary reaction between the soil particles, and it

FIGURE 16 | XRD pattern of the one-part geopolymer-stabilized soft clay with 90% GGBFS and 10% FA at 4.64 mol/L NH solution for 14 days.

FIGURE 17 | XRD pattern of the one-part geopolymer-stabilized soft clay with 80% GGBFS and 20% FA at 6.50 mol/L NH solution for 14 days.
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only served to fill the porosity in the soil. At the same
time, the content of solid NH activator and
water–binder ratio would determine the
concentration of the NH solution, which influenced
the reaction rate in the one-part geopolymer paste. For
the one-part geopolymer-stabilized soil with different
GGBFS/FA ratios, the optimum molarity of the NH
solution varied to achieve the better UCS values of the
stabilized soil.

(4) This paper adopted one-part technology to prepare
the GGBFS-FA–based geopolymer soil stabilizer.
Based on the UCS values of the stabilized soil, it
was found that the UCS values of the one-part
geopolymer-stabilized soil were much higher than
those of cement-stabilized soil at the curing period
of 14 days. This confirmed the feasibility that the one-
part GGBFS and FA-based geopolymer can be used as
an alternative binder to OPC in the practice of ground
improvement.
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