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Abstract: Geopolymer (GP) has recently emerged as a
novel and environmental friendly alternative to conven-
tional soil stabilization products like lime and Ordinary
Portland Cement (OPC), which adversely affect the envir-
onment. This article emphasizes GPs produced from high
calcium class C fly ash (CFA) and an alkali activator com-
prising sodium hydroxide and sodium silicate solution
for sand stabilization. The experimental program includes
a series of unconfined compressive strength (UCS), flexural
strength, tensile strength, and microstructural analyses
using scanning electron microscopy. Results revealed that
UCS, flexural strength, and tensile strength of GP-treated soil
were in the range of 2–10, 0.5–2.0, and 0.4–1.2MPa, respec-
tively (depending on the ratio of fly ash and activator). These
strengths were even higher than those of cement-stabilized
soil. Themicrostructural analysis revealed that the formation
of dense calcium–sodium alumina–silicate hydrated gel
(C, N–A–S–H) is the reason for strength improvement.
According to the findings of this study, using a CFA-GP
binder for soil improvement is a viable alternative to OPC
in geotechnical applications.

Keywords: class C fly ash, UCS, indirect strength, flexural
strength, geopolymer, sand soil, SEM/EDS

1 Introduction

Several essential engineering properties of soils can be
beneficially modified by chemical treatment using tradi-
tional binders (e.g., lime and cement). However, during
the last decade, the carbon footprint associated with such

binders has had greater significant environmental pro-
blems. Ordinary Portland Cement (OPC) production is
predicted to be around 7% of total artificial carbon dioxide
emission [1]. Considering this emission issue and other
inevitable environmental negative consequences asso-
ciated with nonrenewable raw materials, there is a moti-
vation to develop more ecologically cost-effective and
friendly alternative binders to replace OPC. As a result,
special attention has been focused on the valuable recy-
cling process materials from aluminosilicate industrial
wastes and through alkali-activated cement [2]. Geopoly-
mers (GPs) are cementitious binders produced from indus-
trial byproducts, and the waste has great amorphous (Si
and Al) content, like fly ash (FA) and metakaolin (MK),
with an alkaline activator (such as potassium/sodium sili-
cate and potassium/sodium hydroxide) [3]. Geopolymeri-
zation is a four-stage chemical reaction that occurs
rapidly: (i) ion dissolution, (ii) ion diffusion, (iii) gel devel-
opment by polymerization of Si and Al compounds with an
activator, and (iv) gel hardening, [4]. Depending on the
conditions under which they are synthesized, GP may
have excellent mechanical qualities such as high strength,
low permeability, high durability, and minor volume
changes [5]. However, various parameters, such as the
rate of the source materials, the chemical properties of
the activator, temperature, and curing time, may influ-
ence the mechanical properties of GP. Among these
parameters, the curing temperature is the most difficult
to apply in the field [4,5].

GPs are typically treated at temperatures 60–90°C;
therefore, most GPs have been confined to usage in dry
heat-cured or steamed concrete [6]. GPs must be used at
room temperature for geotechnical engineering applica-
tions since treating them at high temperatures is imprac-
tical. The rate of geopolymerization is significantly slower
at low temperatures than at higher temperatures; thus,
the impact strength of GP-soil is lower and occurs over a
longer timescale than cement-treated soil [7]. Therefore,
high activator concentrations are required to enhance the
practicality and effectiveness of GPs based on FA com-
pared to cement for stabilizing soil applications. On the
other hand, using activator content in bulk raises the
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total cost of this stabilization approach [8]. So far, the
research on FA GP has relied on a precursor obtained
from class F fly ash (FFA) produced by the combustion
of bituminous coals [9]. To reduce the desired amount of
activator ratio (i.e., increase cost effectiveness) while
maintaining adequate curing at room temperature, this
study focused on improving the reactivity of the GP by
using FA with high Ca content. The main difference
between FFA and class C fly ash (CFA) in terms of com-
position is the calcium concentration. Still, both often
include significant quantities of silica and alumina. CFA
has a composition between ground-granulated blast-fur-
nace slag (GGBFS) and FFA [10]. The fact that the mixes
of GGBFS and FFA are often preferred in the production
of GP also indicates the potential of CFA for produ-
cing GP.

It has been noticed that a lot of research on GP-stabi-
lized soils published in the literature is primarily con-
cerned with increasing the compressive strength of treated
soils [4,9–12]. However, the tensile and flexural perfor-
mance of GP-treated soil has not been considered exten-
sively. Tensile and flexural stresses can develop in earth
structures, especially in the pavement, in the earth, and
earth-rock fill dams, where the stresses may cause failures
of such structures. In this research, themechanical proper-
ties of GP-stabilized sand soil will be investigated using
high calcium CFA, including unconfined compressive
strength (UCS), tensile, and flexural strength tests, com-
pared with the traditional OPC at high binder dosage. In
addition, the microstructural advancement of soil- FA
GP was investigated using scanning electron micro-
scopy (SEM) analysis.

2 Materials and methodology

2.1 Soil

The dry sand used in this research was locally available
and was classified as SP by unified soil classification
system. Figure 1 depicts the grain size distribution of
the soil. Table 1 provides a summary of the physical char-
acteristics of the soil.

2.2 GP ingredients

This study used a mixture of FA and liquid-based sodium
activator (referred herein as AC) as the GP binder. FA was
obtained from coal-fired power plants. Figure 1 depicts
the particle distribution as determined by the hydrometer
test. In addition, the chemical compositions that energy
dispersive spectroscopy (EDS) analyzed are presented in
Table 2. FA could be classified into high calcium CFA
based on its chemical composition specified in ASTM
standard C618, where it can be noted that its contents
Al2O3, SiO2, and Fe2O3 are >50%, and Ca content is higher
than 10%. Figure 2 shows images of FA taken with a
scanning electron microscope at high resolution. The
micrograph reveals that the FA consists of spherical par-
ticles of various sizes. The activator from a mix of sodium
hydroxide (NaOH) and sodium silicate (Na2SiO3) was
used in this study. Before mixing with Na2SiO3, NaOH
was dissolved in distilled water for at least 24 h at a molar
concentration of 10 M. The mass ratio of Na2SiO3/NaOH
was set to 2.0 to create a maximized early strength and a
massive alkaline environment.

2.3 Sample preparation

To prepare a specimen for all the tests, the mixing pro-
cedure was the same:
1. To ensure mixture uniformity, the source material (FA)

was mixed as a partial replacement (by weight) with
dry soil for 5 min in ratios of 10, 15, and 20% (i.e., to
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Figure 1: Grain size distribution curve of sand and FA.

Table 1: Physical properties of soil

Soil
property

Uniformity
coefficient
(Cu)

Coefficient of
curvature (Cc)

Mean effective
diameter
(D50)

Specific
gravity (Gs)

Maximum dry
unit weight
(g/cm³)

Minimum dry
unit weight
(g/cm³)

Internal friction
angle (φ°)

Value 3 0.89 0.44 2.65 1.701 1.439 36
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stabilize 100 g of dry soil with FA 10%, 10 g of dry FA is
mixed with 90 g of soil).

2. Alkali activator was created by combining a sufficient
quantity of NaOH and Na2SiO3 based on the alkaline
proportions of the mixes for 5 min and leaving it at
room temperature for an additional 5–10 min.

3. The alkaline solution is mixed in various ratios (AC/FA
0.4, 0.6) with free water to achieve the required water
content and then gradually added to the drymixture for
an additional 3–5min. The various ingredients were
mixed until a homogeneous mixture was obtained.
Table 3 summarizes the details of the mixtures used.

4. To achieve the desired density, the final mixture was
compacted in controlled weight/thickness layers for
each sample.

5. After compaction, the GP sample was kept for 24 h
before being soaked in water for 28 days to cure.

6. To compare the GP-stabilized samples with the soil-
cement samples, additional samples were prepared
and stabilized by adding 5% OPC, as shown in
Table 3.

2.4 Tests conducted

2.4.1 UCS

UCS tests were carried out after a 28-day curing period.
The UCS test specimens were produced with 100mm
height (h) and 50mm diameter (d) cylindrical split tubes
made of PVC with an h:d aspect ratio of 2:1, as specified
by ASTM D1633-00, 2007 [13]. UCS test for samples was
performed using a uniaxial machine with a loading capa-
city of 50 kN, at a displacement rate of 0.1 mm/min.

2.4.2 Flexural strength

Three-point bending tests were performed on specimens
according to ASTM 1635/D1635M-19, 2019. Treated speci-
mens were molded in rectangular molds with dimensions
of 35, 35, 130 mm and tested after 28 days of curing.
Flexural strength of samples was calculated using the
following equation:

=

Pl
bd

fs 3
2

,2 (1)

where fs is the flexural strength (MPa), l is the span of the
simple supports (mm), P is the max load (N), b is the
width of the sample (mm), and d is the thickness of the
sample (mm).

Figure 2: SEM image of FA.

Table 3: Details of mixtures used

Samplea %FAb AC/FAc OPC

S-F10A0.4 10 0.4 —
S-F15A0.4 15 0.4 —
S-F20AO.4 20 0.4 —
S-F10AO.6 10 0.6 —
S-F15A0.6 15 0.6 —
S-F20A0.6 20 0.6 —
S-OPC — — 5

aSample codes: S, sand; F, fly ash content; and A is an activator/fly
ash ratio. bThe fly ash percent. cActivator/fly ash ratio.

Table 2: EDS analysis of FA chemical compositions

Elt Concentration by % weight

C O F Na Mg Al Si S K Ca Fe

FA 1.01 12.71 0 2.72 2.8 19.18 37.65 1.6 1.5 21.11 4.09
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2.4.3 Indirect tensile strength (ITS)

The tensile strength of GP-treated soils was investigated
using ITS tests on specimens after curing for 28 days.
Cylindrical split tubes (PVC) with an h and d of 100 and
50mmwere used to create test samples. A uniaxial machine
with a loading capacity of 50 kN and a displacement rate of
1mm/min was used for the testing. The indirect tensile tests
were performed according to Brazilian standard NBR 7222
[14]. The load is continuously applied from the top hori-
zontal side of the cylinders until the maximum load is
achieved. The peak load was measured, and the ITS was
computed using the following formula:

=

P
πhd

St 2 , (2)

where St is the indirect tensile strength (MPa), d is the
diameter, h is the height of the specimen in millimeters
(mm), and P is the maximum load (N).

2.4.4 Microstructural analysis

SEM-EDS was used to investigate the microstructural
advancement of gel structure and the change in soil texture
after stabilization of fragments resulting from the broken
specimens tested by the uniaxial machine. Fractured sam-
ples were coated with gold and analyzed using FE-SEM
device (ARYA Electron Optic). Analyses were performed
with a secondary electron detector with 15 kV acceleration
voltage for image and 20 kV for EDS.

3 Results and discussion

3.1 UCS

Figure 3 demonstrates the impact of GP and cement addi-
tion on the stress–strain performance of sand soil as

determined by UCS. In general, GP-treated soils were
brittle yielding, with stress reaching a peak before an
abrupt failure. Yielding was linked to a stiffer reaction
as the GP ratio improved (i.e., low strain and higher
UCS), similar to the results offered in [13,14]. Although
GP samples exhibited brittle stress–strain reaction, the
samples were different in the axial strain and peak stress,
particularly of the SI-F20A0.6 specimen, displayed the
highest stress without a post-peak, implying an extremely
brittle reaction.

The production of cementitious products is respon-
sible for qualitative and quantitative change in the stress–
strain response of stabilized soil. The activator’s high
pH levels dissolve the alumina and silica oxides from the
FA particles inside the GP, resulting in a GP gel product
that solidifies over time and cements the soil particles
[10,15]. Also, it can be seen from the figure that the sam-
ples treated with GP had greater UCS than the cement-
treated specimens (except for the samples mixed with
FA = 10%). This is due to the presence of more pozzo-
lanic and geopolymeric reactions in GP-treated mixes,
as opposed to OPC-treated samples, which solely have
pozzolanic reactions. In other words, the formation rate
of cementitious products in the GP-soil is greater than
that of the cement-soil. These findings align with the
results in [15–18].

3.2 Fs

The different mixtures for GP-soil created with various
binder contents were tested for flexural strength. When
flexural loading was applied to a soil beam, similar to
concrete, flexural stress developed, resulting in fractures
when the carrying strength of the soil was outperformed.
In general, no plastic behavior was seen in any of the
specimens. Instead, the load developed linearly with
the deflection until fracture. Finally, failure occurred
when a fracture developed at the bottom of the beam
owing to stress. Then, as seen in Figure 4, it expanded
up through the beam thickness until the beams cracked.
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Figure 3: Unconfined stress–strain behavior.
Figure 4: Crack development in a GP-soil beam under flexural
loading.
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Figure 5 shows the relationship between the flexural
strength of mixtures soil-cement and the soil-GP pre-
pared with a percentage of AC/FA 0.4, 0.6 and FA 10,
15, and 20%. It can be observed from the results a pattern
similar to that of the UCS results, the increase in GP con-
tent due to increased flexural strength. With the increase
of AC/FA from 0.4 to 0.6, the flexural strength increases
from 0.526, 0.95, and 1.26 MPa to 1.02, 1.49, and 2.01 MPa
at FA 10, 15, and 20%, respectively.

When comparing the flexural strength of GP and
cement-treated soil mixture, the flexural strength of GP
specimens was higher than that of cement-treated sam-
ples. When the beams were subjected to flexural testing,
both compression and tension stresses are induced under
the applied load. However, beam failed clearly in the
tension because the material is weaker in tension than
in compression [19]. Previous research had shown that
when geopolymeric binders were employed in concrete,
they had both lower and higher Fs when compared to
cement, depending on the ratio and composition of source
materials [20]. Cement-stabilized mixes have lower Fs

than GP-stabilized mixtures, and cement mixes had lower
tensile strength than GP mixes.

3.3 ITS

The Brazilian indirect tensile test is often used to deter-
mine the tensile strength of rock masses or concrete.
However, some researchers have effectively used it to
assess the TS of cohesive soil [19–22]. Therefore, it should
be feasible to determine the tensile strength for GP-soil.
Figure 6 shows the graphical representation of GP and
cement-treated soil mixtures. A pattern similar to com-
pressive strength can be seen in the case of ITS. The
tensile strength improves when the proportion of GP
increases. When the ratio of FA is increased from 10
to 20%, the tensile strength is increased from 0.39 to
0.91 MPa (at AC/FA0.4) and from 0.84 to 1.2624 MPa (at
AC/FA 0.6). Greater tensile strength for GP blends indi-
cates a stronger cracking resistance, owing to the high
stiffness of GP mixtures. This expectedly can be attrib-
uted to the presence of GP gel, which strengthens the
bonding between the soil particles. As a result, the GP
samples had a higher tensile strength.

A pattern similar to compressive strength and flex-
ural strength can be seen that the tensile strength of the
GP-stabilized mixtures is found to be greater than that of
cement mixtures. Similar results were reported by Wang
et al. [23], who investigated that the average ITS of MK-
based GP enhanced soil is around 1.1 times that of
cement soil.

3.4 Microstructural analysis

The structure of the FA-based GP is deduced primarily
from the degradation of aluminum silicate in the FA by
AC, which is the result of polycondensation. When an
activator interacts with FA, the aluminosilicate bonds
in FA are broken, resulting in the liberation of active
Si4+ and Al3+. These active Si4+ and Al3+ compose nuclei
and aluminosilicate oligomers forming AlO4 and SiO4 tet-
rahedral structural [24]. Etching on FA surfaces, detected
by SEM analysis, can reveal the rate of geopolymerization
of FA [25].

As shown in Figure 7, SEM/EDS analysis was done
on GP-soil specimens with varying AC and FA ratios.
Micrographs of the 28-day age GP samples (S-F10A0.4
and S-F20A0.4) in Figure 7(a and b) show porous struc-
tures with partially reacted FA particles scattered in
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GP gel. The reasonmay be that the activator is insufficient
for the decomposition of silica and alumina with FA,
resulting in GP gels that are not adequate for the binding

of soil particles. However, the microstructure homoge-
neity improves with increasing dose of FA from 10 to
20% at the same alkaline activator (0.4), which explains

Figure 7: SEM-EDS result for soil-GP samples with different FA and AC ratios: (a) S-F10A0.4, (b) S-F20A0.4, (c) S-F15A0.6, and (d) S-F20A0.6.
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why the UCS of the sample (S-F20A0.4) increases. The
“A” area in the sample (S-F20A0.6) in Figure 7(d) depicts
the changes in the microstructure of a reactive FA sphere
as a result of AC dissolution. The sphere seems shattered
in the high alkaline state, and some of the Si–Al dissolve
from the FA. Furthermore, the interior region of the frag-
mented FA appears to be loaded with a considerable
number of reaction product microparticles.

Table 4 displays important proportions and composi-
tions of the samples at 28 days. The main ratio of Si/Al is
widely considered when the EDS technique is applied.
More attention has been put on the elemental ratios of
GPs in this issue to illustrate the link between these ratios
and engineering characteristics. OPC and GP elemental
ratios are generally 2.00–3.00 for Si/Al and 1.00 for
Na/Al. Microstructures that are more dense, homoge-
nous, and compact are formed when the Si/Al ratio
increases. GP sample with a ratio of Si/Al = 2.92 (as
sample S-F20A0.6) is extra homogeneous than with the
ratio of Si/Al = 2.82, 2.7 (as samples S-F20A0.4 and
S-F15A0.6). It is possible that this is related to the inso-
luble particles in FA. Interface connections with the
binder formed by insoluble particles are sensitive regions.
However, stable structures of (Si–O–Si) and Si species can
be developed for greater ratio of Si/Al. This stability is
achieved through a subsequent geopolymerization pro-
cess, which results in a more complex network and homo-
geneous GP, resulting in increased strength. It can be
noticed a decrease in UCS at Si/Al ratios = 4.1, as shown
in the sample (S-F10A0.4). This corresponds to previous
research. FA results inmore heterogeneousmatrices (i.e., a
more percentage of unreacted FA particles), with Si/Al
ratios >3 [2]. From Table 4, it can also be seen that the
Na/Al and Ca/Si ratios for all samples are in the ranges of
0.7–1.2 and 0.1–0.5. Related investigations found that
the chemical percentages of alumina, silica, and calcium
in GP were consistent [24,25]. As a result, the dominant
geopolymeric gel was identified as (Na)-poly(sialate-
disiloxo-), i.e., Nan–(–Si–O–Al–O–Si–O–Si–O–Si–O–)n–.
Geopolymeric gel, the major response product of FA, coex-
ists with C, N–A–S–H gel and some unreacted spheres.
This showed better performance compared with other
types of stabilizers [26–33].

4 Conclusion

This study investigated the effectiveness of using GP
based on CFA as a stabilizing technique for sand soils
by conducting compression, tensile, and flexure strength
tests on GP-treated and OPC-treated mixtures. Moreover,
the microstructure of the select GP-treated mixtures was
also examined by SEM analysis. The following conclusions
were drawn from the results of the current experimental
investigation:
1 – Under unconfined compression, the dominant stress–

strain reaction for GP-soil was found to be a brittle
yield, with the stress peaking before a sudden failure.
When the GP ratio increases, the response becomes
stiffer (i.e., greater unconfined force and lower axial
strain). In addition, the treated samples showed a
higher UCS of GP than processed cement samples,
which may be the result of the GP sample’s combined
geopolymeric and pozzolanic reactions.

2 – The flexural and tensile strength values are in the
similar lines of compressive strength develop-
ment. Results revealed that flexural and tensile
strengths of GP-treated soil were in the range of
0.5–2.0 MPa and 0.4–1.2 MPa, respectively. These
strengths were even higher than those of OPC-sta-
bilized soil.

3 – The SEM analysis of soils stabilized by the GP
revealed evidence of a progressive improvement in
soil fabric homogeneity owing to GP gel formation,
resulting in the creation of an enhanced rate of
strength gain with increasing GP content.
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Table 4: Ratios of elements and chemical composition for soil-GP specimens

Mixture FA% AC/FA Si Al Ca Na Si/Al Ca/Si Na/Al UCS (MPa)

S-F10A0.4 10 0.4 30.5 7.45 2.98 7.57 4.1 0.1 1 2.21
S-F20A0.4 20 0.4 30.51 10.83 7.69 7.74 2.7 0.25 0.71 6.18
S-F15A0.6 15 0.6 27.3 9.32 10.3 8.51 2.82 0.38 0.91 7.32
S-F20A0.6 20 0.6 25.23 9.88 12.66 11.96 2.9 0.5 1.2 10.52
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