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Abstract.

This study presents an investigation into the reuse potential of waste brick powder (WBP), a cost-effective,

environmentally friendly, and easy-to-use waste-based geopolymer for soil improvement as a grouting material. The WBP was
obtained by crushing and sieving waste brick to produce the recycled aluminosilicate starting material. Various factors, including
liquid-to-solid ratios (1.5, 2.0, and 2.5), NaOH molarities (4, 8, 12, and 16), types of soils, and aging (7, 28, and 365 days), were
comprehensively investigated to gain insight into the usability of WBP in soil injection. The effect of alkali-activated waste brick
powder (AAWBP) on the mechanical strength and injectability of the soils was assessed, as well as the influence of these factors
on the microstructure of samples. The primary structure of AAWBP was determined to be the C-S-H gel, which significantly
enhanced the strength development of soil samples. The compressive strength of geopolymer-treated S1, S2, and S3 soil samples
reached 4.72, 3.79, and 2.5 MPa after 365 days, respectively, significantly higher than the samples at 28 days (3.32, 1.00, and
0.61 MPa, respectively). Moreover, the strength of samples increased with a decrease in the liquid-solid ratio in all samples,
whereas it increased with a rise in the concentration of the activator up to 8 molar for S2 and S3 soil and up to 12 molar for S1
soil. Also, reducing soil particle size positively influenced the development of strength characteristics.
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1. Introduction

Geotechnical engineering is a scientific and technical
discipline that is one of the first involved in urban development
or infrastructure projects; in many cases, it is the most
important (Cardoso 2015). The projects often require
enhancing soil properties and mechanical behavior using
methods such as horizon lowering, vibrational condensation,
dynamic condensation, preloading, and injections to ensure
safe construction and operation (Christodoulou et al. 2021).
Permeation grouting is a low-pressure chemical injection
technique that improves soil mechanical properties by creating
a solid network in treated material, forming artificially induced
cohesion, which binds soil particles without displacing grains
during the process (Zullo et al. 2020). Portland cement and
microfine cement are common cement-based grouts used for
permeation grouting and soil stabilization (Bhuiyan et al
2024). The increased use of Portland cement leads to a
significant release of carbon dioxide (CO>) into the atmosphere
due to the heating of raw materials during cement
manufacturing, which is a major greenhouse gas contributing
significantly to global warming (Pavithra et al. 2016). Over the
past decade, researchers and industry have made significant
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efforts to reduce CO, emissions from cement production and
concrete (Dadsetan et al. 2019). The global economy’s growth
is predicted to boost cement production to 5 billion tons
annually over the next 30 years, causing rising regulatory and
societal pressures to reduce emissions, leading to a surge in
demand for alternatives (Hu er al. 2021). As alternatives,
sodium silicate, polyurethane, acrylamide, aminoplast, epoxy
resin, lignosulfonates, phenoplast, and N-methylolacrylamide
(NMA), based on the injection of chemical mixtures, are
commonly used as grouting materials (Saleh et al. 2019).
However, these chemical grouting materials, while offering
advantages, also have inherent drawbacks, as most of these
materials are known to be toxic (Kazemian et al. 2010).
Organic or toxic solutions are harmful to the environment, and
research should focus on using environmentally sustainable
materials for soil improvement, particularly in the use of
organic or toxic alternatives (Zullo et al. 2020).

Green chemistry and technologies are being increasingly
recognized for environmental sustainability, shifting from
traditional waste perceptions of pollution to treating waste as a
resource (Tang ef al. 2020). The demand for resources
worldwide is projected to double by 2050, which requires a
more sustainable and judicious use of resources (Belaid 2022).
In recent years, geopolymerization technology has shown
significant benefits in reusing various types of waste to create
new materials for various purposes (Jeli¢ et al. 2023, Pu et al.
2024a, b, c). Most waste materials such as building waste,
contaminated soil, fly-ash and mine tailings contain large
amounts of silica and alumina, which can be used as reagents
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for geopolymerization reactions (Van Jaarsveld et al. 1997).
Geopolymerization is an innovative technique that converts
various aluminosilicate materials into useful inorganic
polymers or geopolymers (Abdullah et al. 2011). Geopolymer
technology is considered an optimal solution for recycling
construction and demolition waste streams as new value-added
products (Tan et al. 2022). Major components of the
demolition of old buildings include concrete, bricks, mortar,
steel, rubble, stone, and timber/wood, particularly in the
demolition (Dakwale and Ralegaonkar 2014). Concrete and
brick are the primary materials used in construction and
demolition waste, resulting from the demolition of old
structures, natural disasters, renovations, and the construction
of new buildings (Koksal et al. 2023). The recovery and reuse
of waste clay bricks is crucial for sustainable building
environment and resource development, requiring economical
and environmentally friendly strategies (Wu et al. 2021);
therefore, the use of recycled clay bricks from demolition and
construction waste is urgently needed for effective utilization
(He et al. 2021). In addition, waste clay bricks have significant
potential as an environmentally friendly and cost-effective raw
material for synthesizing geopolymers (Migunthanna et al
2022).

Some studies show that the alkaline solution, the liquid-to-
solid ratio (L/S), and aging are key parameters controlling the
strength of geopolymer mortars (Huo et al. 2021, Naghizadeh
and Ekolu 2018). NaOH, Na,SiOs, or their combination are the
most widely used alkaline activators in the synthesis of
alkaline-activated materials (Suwan et al. 2023). The alkaline
solution appears to influence the properties of the final
geopolymer synthesis significantly. For instance, NaOH-based
geopolymers have a higher crystallinity than KOH-based
geopolymers, which is potentially impacting their mechanical
and physical properties (Sore et al. 2020). Ilham et al. (2021)
investigated the synthesis of geopolymers using alkaline
molarities (NaOH and KOH) and solid/liquid ratios. They
found that the geopolymerization phase increases with NaOH
while decreasing with KOH, and the high ratio of solid to
liquid produced better geopolymers. Zahid et al. (2020)
investigated the effects of the geometry of PVA fibers and
NaOH molarity (8 M, 12 M, and 16 M) for alkaline solutions
to establish mixes of engineered geopolymer composites. The
research findings showed that with the increase in the molarity
of the NaOH solution, the unconfined compressive strength
(UCS) of the mixes has increased; however, using a composite
made of 12 M NaOH solution and fine fibers is proposed for
an optimally engineered geopolymer matrix. Mustafa et al.
(2011) studied the impact of different molarities of NaOH on
fly ash geopolymer paste using six different molarities (6, 8,
10, 12, 14, and 16 M) and found that the fly ash-based
geopolymer demonstrated high UCS in 7th-day testing with 12
M NaOH concentration but decreased with NaOH solution
exceeding 12 M. The molar effect on alkali activation has also
been studied by Palomo ef al. (1999). The results show that a
solution of 12M showed faster activation and higher strength
compared to a solution of 16 M, and they stated that further
investigations on this subject are required. In recent years,
numerous studies have investigated the re-utilization of
geopolymers in new products.

Previous studies have focused on the preparation of

Table 1 Physical property indexes of sand
dio dso deo

Group (mm) (mm) (mm) Cu C. USCS
S1 0.46 0.6 0.74 1.61 1.06 SP
S2 095 124 157 1.65 1.03 SP
S3 241 263 291 120 0.99 SP

geopolymers and the examination of their mechanical
characteristics; however, two research gaps still exist. Firstly,
to the best of our knowledge, waste brick powder (WBP) as a
geopolymer has not been used for soil improvement with
injection techniques. Secondly, existing literature has not
thoroughly examined the long-term (365-day) properties of the
geopolymer matrix considering the molarities and L/S ratios.
This study conducted a series of injection tests to examine the
effects of L/S ratio, molarity of alkaline environments, and
grain size distribution of soils on strength and injectability.
Furthermore, FTIR, TG-DTG, XRD and SEM-EDX were used
to analyze the long-term micromechanical structure of the
geopolymer matrix. These findings from this research will
contribute to a comprehensive database for the eco-friendly
and cost-effective application of geopolymer mixtures in
practical engineering.

2. Materials and methods
2.1 Sand

Sand soils were taken from Erzincan, located east of
Tiirkiye, where gravel and sand beds are frequently seen
(Ozyazicioglu et al. 2019). The soils were spread and
turned upside down in the laboratory to ensure homogenous
drying (air drying) for at least five days and were cleaned
for visible impurities. Thereafter, the soils were prepared in
uniformly different particle size ranges and labeled in
increasing order of grain sizes as “S1”, “S2”, and “S3” (Fig.
1). The main physical property indexes and particle grading
curve of soils were determined using ASTM D2487 (ASTM
D2487, 2011) criteria, as presented in Table 1 and Fig. 1,
respectively. According to the Unified Soil Classification
System (USCS), sand can be classified as well-graded sand
(SW) if the uniformity coefficient (C,) is greater than 6 and
the curvature coefficient (C.) ranges between 1 and 3. Sand
soils that do not meet either or both of these criteria are
classified as poorly graded sand (SP). The soils used in this
study were classified as SP, as these did not meet both
criteria for SW. The uniform SP soils were used with similar
relative densities (D = 45-55%) to investigate the effect of
grain size on the improvement.

2.2 WBP and alkaline activator

In this study, waste brick was obtained from demolition
debris residuals. Because the brick waste particles were
relatively large, they were crushed into smaller pieces by a
crusher, and brick powder grains less than 75 pm were
selected following pulverizing and sieving (Ortega et al.



Evaluation of long-term reinforcement of soils using waste brick powder: Insights from strength and characterization

467

S2

[T T

10

St
- ¥ A )
0

s 10 n 12

77

90

—32
80

—C3

70

60

50

40

30

Cumulative distribution (%)

20

10

0

—

0.1

1
Particles size, (log, mm) @

Fig. 1 Properties of sand soils: (a) Visual appearances of sand soils and (b) Grain size distributions of sand soils
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2018). The EDX chemical analysis results (weight and
atomic percentages) and the scanning electron microscope
(SEM) images of brick waste powder are presented in Table
2 and Fig. 2, respectively. In order to evaluate the
characteristics of the injectability of waste brick powder
solution, the effect of the liquids to solids (L/S) ratios (1.5,
2, and 2.5) was investigated by injecting the grout. To
achieve these ratios, approximately 66.67 g, 50 g, and 40 g

of waste brick powder were added for each 100 mL of
NaOH solution for L/S ratios of 1.5, 2, and 2.5,
respectively, and the mixture was stirred until adequate
homogeneity was obtained.

This study used commercially available NaOH flakes
(Sigma-Aldrich, >98%) as an alkali activator. The NaOH
flakes were dissolved in distilled water and kept in a flask.
The key point is to make sure the solution contains a
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Table 2 EDX analysis results of WBP

Element (0] Na Mg Al Si K Ca Fe
Weight (%) 45.52 5.53 5.35 1027 2691 0.6 1.72 4.1
Atomic (%) 59.56 5.04 4.61 7.97 20.06 032 09 1.54

Table 3 Designed experimental procedures

Proportion NaOH N
. - . Curing time
Soil ~(NaOH solution/waste ~ concentrations (day)
i lar)
brick) (mo

S1 1.5,2,2.5 4,8,12,16 7, 28,365
S2 1.5,2,2.5 4,8,12,16 7, 28,365
S3 1.5,2,2.5 4,8,12,16 7, 28,365

suitable amount of NaOH for the reaction to polymerization
of geopolymer binders. Therefore, the molarity of NaOH
was used at 4, 8, 12, and 16 M levels, as in previous
literature research (Ghadir and Ranjbar 2018, Mustafa et al.
2012), to determine the effects of alkali activator
concentrations on improvement clearly.

2.3 Specimen preparation

PVC molds with a 38-mm inner diameter and 150-mm
height were used in this experiment for specimen
preparation. According to the target dimension (38 mm in
diameter, 76 mm in height), sand soil is placed with a
relative density of about 45-55% for tests based on the
specific gravity and initial void ratio of sand. To avoid the
possible segregation of the prepared soils, causing a change
in particle distribution, soil samples were placed into the
molds in three equal layers. Having placed the final layer,
the molds were closed using hot silicone on both ends with
laser-cut plexiglass caps (10 mm in height) with holes for
injection inflow, manometer, and outflow. Before injection,
the soil sample was filled with water for saturation, and
then the outlets of the molds were sealed to control any air
bubbles that came out of the inlet and outlet of the molds.
After that, the soil samples were set aside until the
experiments.

2.4 AAWBP-grouting

The injection test equipment is mainly composed of a
manometer, an injection beaker, and a peristaltic pump with
the relevant fittings. The injection set-up details are
presented in Fig 3. The peristaltic pump, capable of
adjusting the injection speed, was used for AAWBP
mixtures to be poured into the mold. The injection flow rate
of the peristaltic pump was adjusted to 5 ml/min because
that was the mean value for the adjustable pump. However,
further research may be required to investigate the effect of
flow rate on the improvement of soils by using various flow
rates. A silicone hose was utilized to inject AAWBP
mixtures between the peristaltic pump and mold. The 200
ml of AAWBP mixtures were injected into the mold from
the inlets that passed over in the sand column and flowed
out of the outlets from the mold during the injection

Peristaltic | 4
Pump

Fig. 3 The experimental details of injection

process. The outlet of mixtures from mold was carried out
by using a hole in the bottom of the sand specimen. The
increases in pressure caused by injection over time during
the experiment were recorded with a manometer through
the hole in the upper part of the mold. In their study, Sakr et
al. (2016) used 1.5 bar pressure for grout during all test
series because the higher pressure (5 bar) made the sand
collapse and rise above. Therefore, the AAWBP mixture
injection was stopped when the manometer reached 1.5 bar
pressure. Finally, the injected AAWBP specimens were
removed from the PVC molds after 2-3 days and then cured
for 7, 28, and 365 days at room temperature.

In the present study, the injection experiments were
performed by coupling four operations parameters,
including different particle size ranges of soils,
concentrations of alkali activator, curing times, and
liquid/solid (L/S) ratios of mixtures. These designed
experiment procedures are given in Table 3. The conditions
for reinforcement of sand with AAWBP mixtures are
represented by the sample number SaLbMcDd: “a” means
the label of soil, “b” symbolizes the L/S ratio, “c” describes
the molarity of the NaOH solution, and “d” illustrates the
curing time (days) of the sample.

2.5 Sample preparation for analysis

The microstructure analyses, i.e., XRD, FTIR, TG-DTG,
were carried out on WBP and long-term (365-day) AAWBP.
The AAWBP binders were collected for analysis after the
UCS test from S1 specimens because the highest strength
results were obtained from these soil samples. The obtained
samples were washed in a falcon tube at least three times
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with distilled water to remove pollutants using a vortex and
centrifuge. Thereafter, the washed samples were centrifuged
at 3000 rpm for 1 minute to separate the sample with pure
water and put in the oven to ensure the samples were
completely dry. Finally, the oven-dried samples were placed
in airtight tubes. This method can ensure that different
parameters are examined more effectively. The sample
preparation processes are illustrated in Fig. 4.

2.6 Unconfined compressive strength (UCS)

In this study, an existing universal testing machine (Fig.
5) was used to carry out UCS on cured sand specimens,
with the maximum stress of each test recorded at a constant
rate of 1.0 mm/min according to ASTM D2166.

2.7 X-ray diffraction (XRD)

The mineralogical composition of specimens was
measured using XRD analysis by a Panalytical Empyrean
diffractometer. XRD patterns were obtained between 2° and
90° 20 at a scan speed of 2° 26/min.

2.8 Fourier transform infrared spectroscopy (FT-IR)

FTIR spectrometer analysis was performed using a
Thermo Scientific Nicolet 6700 spectrometer to record the
infrared spectra of WBP before and after alkali activation
with an ATR accessory in a frequency range between
400cm™' and 4000 cm™'. After scanning, the collected
spectrum data was analyzed using the OMNIC software.

2.9 Thermal analysis (TG/DTG)

Thermal analysis curves (TG and DTG) were taken
using a PYRIS Diamond TG/DTG apparatus in a dynamic

—» mixing falcon —»

Fig. 4 Preparation of samples for analysis

centrifige  —»  ovendry —»

analysis

sample —> placing e analysis

Fig. 6 Specimen preparation for SEM-EDX analysis

nitrogen gas atmosphere from room temperature to 850 °C
at a heating rate of 10°C min™' to evaluate the thermal
stabilities of WBP and AAWBP binders.

2.10 Scanning electron microscopy (SEM), Energy
dispersive X-ray detector (EDX)

The morphological and structural characterization of
binder agents was acquired by using SEM analysis with a
QUANTA FEG 450 scanning electron microscope. The
EDX analysis was also carried out to clarify the observed
structures at their corresponding keV values of elements.
The preparation of specimens for SEM-EDX analysis is
presented in Fig. 6.

3. Results
3.1 Unconfined compression tests

The compressive strength characteristics of soils being
substituted by geopolymer binder were examined under
different parameters at 7, 28, and 365 days of age, as
presented in Fig. 7. The UCS ranged from 0.09 to
4.72 MPa, 0.02 to 3.79 MPa, and 0.04 to 2.5 MPa for S1,
S2, and S3 soils, respectively. The highest UCS value was
obtained in 365 days of aging samples with L1.5M12,
L1.5M8, and L1.5MS8 ratios for S1, S2, and S3 soils,
respectively. The results of the present study show that the
particle size of soils influenced the development of strength
characteristics, as the particle size effect of soils was
confirmed by strength results increasing with smaller
particle sizes of soils (Lee et al. 2019, Xiao ef al. 2023).

Increasing the molar ratio in the AAWBP solution had a
significant impact on the UCS of the samples under the
condition of specimens aged 365 days. With an increase to
8M NaOH in the AAWBP solution, it showed a 227%,
282%, and 362% higher mean UCS compared to the 4M
group for S1, S2, and S3 soils, respectively. The trend
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observed between 8 and 12M UCS is different from that of
the between 4 and 8M results, as the strength decreased
62%, 75% for S2 and S3 soils with an increase in NaOH
molar from 8 to 12, respectively. At 8M, S2 and S3 soil
showed the highest UCS results, whereas at 12M, S1 soil
demonstrated the highest UCS, exceeding in 8M samples by
about 13%. However, the strength development continued
until 12 M and reversed when the molar increased to 16 for
S1 soil. Alvarez-Ayuso et al. (2008) stated in their research
that higher UCS values, except for one geopolymer sample,
were observed at 12 M NaOH solutions (5, 8 and 12 M used
in their study) as activation media. Alzeebaree et al., (2021)

also stated that the UCS of alkali-activated mortar
specimens increased up to 12 M NaOH concentration;
however, the molarity concentrations increased to 14 or 16
negatively influenced the UCS results. This indicates that
more than 12 M alkali dosages negatively influenced the
strength characteristics of geopolymers, which is also in
good agreement with the UCS results of this study. In
another study, Gorhan and Kiirkli (2014) used 3, 6, and 9
M NaOH for an alkali environment and found that the
highest compressive strength of geopolymer mortars was in
6 M samples. It was understood that an excessive or
insufficient amount of alkali negatively impacts the setting
and hardening of geopolymer paste (Singh et al. 2023).
Studies in literature have shown that both 8M and 12M
NaOH solutions lead to optimal strength development

(Ibrahim et al. 2022, Jeeva Chithambaram et al. 2019,
Pratap et al. 2023, Zia ul haq et al. 2023). However, when
considering long-term UCS results in our study, the 12M
NaOH solution exhibited optimal strength only for the S1
soil, while the best results for the S2 and S3 soils were
achieved with the 8M. In addition, for S1 soil, although
notable differences in peak strength values were observed at
12M, the average UCS values for the 8M and 12M
solutions were 3.23 MPa and 3.55 MPa, respectively. In
their study, Ibrahim et al. (2022) examined the strength
development of a fly ash/dolomite-based geopolymer with
different molarities (6M, 8M, 10M, 12M, and 14M) and
determined the optimum NaOH concentration to be 8M.

The study also highlighted that when 8M NaOH was
used, elements such as Si, Al, Ca, Mg, and Fe were clearly
formed, and the geopolymer exhibited a more homogeneous
distribution with fewer unreacted components. Similarly, in
our study, while the use of a 12M NaOH concentration
provided optimal results for only S1 soil, using an 8M
NaOH concentration demonstrated more homogeneous
strength development in almost all soil types. In addition,
Zivica et al. (2015) stated that high doses of activator
concentration entail higher costs, and economic factors
should not be overlooked. Therefore, it was concluded that
the use of 8M NaOH as the alkaline environment
concentration may be more effective for long-term strength
development.
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Fig. 8 Strength development of geopolymer treated samples

The determination of the L/S ratio is extremely crucial
for geopolymer materials, especially in terms of their
application issues (Marczyk et al. 2022). The results of this
study revealed notable decreases for long-term (365-day)
samples in strength as L/S increased from 1.5 to 2.5; that is,
UCS decreases of mean 10%, 42%, and 32% were found for
S1, S2, and S3 soils, respectively. Additionally, similar
circumstances were observed in the early stages (7 and 28
days) of the strength characteristics of the samples.
Therefore, it is concluded that increasing the liquid/solid
ratio of AAWBP binder leads to an excess of water, which
reduces the alkali concentration of activators, which in turn
reduces compressive strength (Karakog ef al. 2013, Reig et
al. 2013, Tuyan et al. 2018). Nevertheless, as shown in Fig.
8, some samples exhibited higher percentage strength
increases despite higher L/S ratios. Consequently, Fig. 7
shows that, for most of the samples, the presence of excess
water reduced the alkali concentration, resulting in higher
365-day strength values at lower L/S ratios.

Long-term performance is important for understanding
the evolutionary mechanism and the sustainable use of the
method in soil improvement. However, long-term
monitoring for ground stabilization is still missing (Verma
et al. 2021). This study provides practical results for the
long-term performance mechanism for applications such as
field experiments. Based on the findings of early-stage
results in this study with the previous literature research, we
used 4, 8, and 12M for alkali environments to evaluate the
long-term strength characteristics of soils. It was indicated
that the curing age played a critical role in developing

strength. Regardless of the molar and L/S ratio of AAWBP,
it is noticed that the UCS of all samples enhances with the
gain of curing age, as seen in Fig. 8. Considering the mean
increase of all samples with the increment in the curing age,
the UCS showed a trend of rapid growth in the early stage
(7 to 28 days) as 222% and slower growth in the long term
(28 to 365 days) as 243%. Compared the UCS results with
consideration of L/S of the alkali environments, the mean
UCS of L/S 1.5 was enhanced over L/S 2 and 2.5 in the
short term, while in the long term, a lower increase in UCS
was observed in L/S 1.5 than in L/S 2.0 and 2.5, which can
be explained by the water content. Yun et al. (2018)
mentioned that using excessive amounts of water to dilute
the alkali activators might reduce the strength capability. In
addition, Yang et al. (2012) also stated that excess water
reduces alkali activation speed and increases setting time. It
is understood that excess water in the alkaline environment
can cause the reaction to continue in the long term but
eventually lead to lower strength.

It was observed that the molars of alkali environments
also influence the strength of early-stage and long-term
samples. The results indicate that the mean strength
between 7 and 28 days (early strength) of 4, §, and 12M
increased by 179%, 282%, and 108%, respectively. On the
other hand, aging between 28 and 365 days of samples
increased the UCS of specimens 4, 8, and 12M by 99%,
492%, and 137%, respectively. Yomthong et al. (2021)
investigated the effects of varying NaOH concentrations
(ranging from 4M to 12M in 2M increments) on the
strength development of geopolymers. They found that
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Fig. 9 Injectability results of AAWBP binder

geopolymers with 4M NaOH exhibited low compressive
strength due to the insufficient availability of silicate and
aluminate species for geopolymerization. However,
increasing the NaOH concentration to 8M, 10M, and 12M
significantly enhanced the dissolution of these species,
accelerating the geopolymerization process and resulting in
geopolymers with higher compressive strength. In the
present study, the compressive strength of 4M geopolymer
samples exhibited a significant increase of 179% when the
curing period was extended from 7 to 28 days (early stage).
However, as the curing period was further prolonged from
28 days to 365 days (long-term), the compressive strength
continued to rise but at a slower rate, with an increase of
99%. Although this represents a substantial gain, the
increase observed during the long-term curing phase was
notably lower compared to the rapid strength development
observed in the early stages. This behavior suggests that

most of the geopolymerization occurred within the first 28
days, with minimal further enhancement occurring
thereafter. The limited long-term strength development in
4M samples may be attributed to the insufficient availability
of reactive silicate and aluminate species, which are crucial
for continued geopolymerization. This observation is
consistent with previous studies, which reported that lower
NaOH concentrations lead to slower and less pronounced
strength development due to a similar reduction in available
reactive species for geopolymerization. In contrast, when
the NaOH concentration was increased to 8M and 12M, a
marked difference was observed in the 365-day
compressive strength, which surpassed that of the 28-day
samples, indicating continued strength development during
the long-term curing period. The enhanced dissolution of
silicate and aluminate species in the presence of higher
NaOH concentrations facilitated the acceleration of the
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geopolymerization process, thereby promoting further
strength gain over time. These findings align with those of
prior research, which demonstrated that increasing NaOH
concentrations results in higher compressive strengths.
Moreover, the long-term analysis in this study, supported by
FTIR and XRD results, confirms the relationship between
higher NaOH concentrations and improved
geopolymerization, leading to better strength development
over time.

3.2 Injectability properties of AAWBP binder

The W/C ratio is a crucial parameter and significantly
influences the injection process and soil improvement,
requiring optimal selection for practical applications (Saada
et al. 2006). Also, the flow of the geopolymer mortar is
influenced by the concentration of NaOH and the amount of
brick powder utilized (Wong et al. 2020). In this section, in
order to estimate the injectability of AAWBP, the effects of
the L/S ratio in grout, the molarity of the alkali activator
(NaOH), as well as the grain size of the soil, have been
investigated in model tests. The goal is to develop an
approach for injection that is environmentally friendly and
can be handled without special equipment. The tests show
that the AAWBP solution is injectable to penetrate the grout
between the soil grains. WBP has a grain size lower than
0.075 mm, while the grain size range of S1, S2, and S3 soils
varied between 0.3 and 1 mm, 0.425 and 2 mm, and 1.0 and
4.75 mm, respectively. The maximum particles of WBP
were approximately 4—13 times less than the minimum
particle size of soils (S1, S2, and S3). The particle size of
WBP could be positively effective to penetrate in micro
voids of sand soils by increasing the penetration capacity or

cated S1 soil (300x%), (E)) treated S1 soi

7L

.

1(300x), (c) 1200x, (d) 600x, (¢) 10 000x

injectability of AAWBP. The injection was achieved
successfully in all soil types with AAWBP binder; however,
the injectability was influenced by the varied parameters
used.

The injectability results of the geopolymer binder are
presented in Fig. 9. In general, the injection volume of
AAWBP has been affected closely by the molarity, grain
size distributions, and L/S ratios. As the molarity increased,
the injected volume for S1 soil with an L/S ratio of 1.5 and
2.0 decreased by 40 and 45 ml, respectively. In addition, the
injected volume for S1 soil is about the same for an L/S
ratio of 2.5, with an increase in molarity. On the other hand,
as the molarity increased, the difference in injected volume
was smaller for S2 and S3 soils compared to S1 soil.
Furthermore, considering all influencing factors, the
standard deviations of the solution volumes applied to S1,
S2, and S3 soils were determined to be 16.7 ml, 5.8 ml, and
7.4 ml, respectively. It is clearly understood that
injectability is much more complex in S1 soil than in S2
and S3 soils. The similar standard deviations of the solution
volumes for the two soils (S2 and S3) indicate that the
measured data can be used to make decisions and provide
insights for relevant applications.

The increase in molarity, or L/S ratio, especially affected
the injectability of S1 soil. In this case, it is understood that
the grain size of soils can be decisive in choosing the L/S
ratio and molarity in soil environments, consistent with the
observations of Hassanlourad et al. (2014). In their study,
they conducted an experimental investigation to evaluate
the groutability potential of sandy-silty soils using sodium
silicate as a chemical grout. Their analysis revealed that soil
particle size is the most critical parameter for groutability,
compared to other factors such as soil compaction, relative
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density, and grout concentration. Moreover, they concluded
that as particle size decreases, groutability is significantly
affected, with the influence of other parameters being
secondary and strongly dependent on particle size.
Similarly, in our study, the effect of other parameters on the
injectability of the AAWBP solution varied, particularly
depending on the soil particle size. Namely, at lower
molarities (4M and 8M), S1 soil required the highest
injection volume, resulting in longer injection times
compared to S2 and S3 soils. However, at higher molarities
(12M and 16M), decreasing the L/S ratio had a significant
impact, particularly in S1. Under these conditions, the
injection volume further decreased, leading to even shorter
injection times for S1 compared to S2 and S3. This
highlights that higher molarities and lower L/S ratios enable
more efficient injections by reducing the volume of
AAWBP solution required, particularly in finer-grained
soils. Considering the minimum injection volume of
AAWBP and injection time, an optimal L/S ratio is
proposed for S1, S2, and S3 soils of 1.5, 1.5, and 1.5 or 2.5,
respectively. To enhance injectability in the soil
environment and be more suitable for all sand soils, a
reasonably low L/S ratio (1.5) was also recommended,
considering the UCS test results. In addition, SEM analysis
results are in good agreement with the experimental results
of injectability, which indicates the usefulness of the
method.

3.3 SEM results

The SEM analysis was performed after 365 days of
curing to evaluate the microstructure of the geopolymer.
The SEM images of the SI1L1.5M12D365 sample are
shown in Fig. 10, which obtained the highest strength of all
samples. Moreover, the microstructure of untreated soil is
also shown for comparison in Fig. 10(a). SEM images show
that at 500x magnification, the AAWBP forms a large
accumulation between and on the surface of the soil
particles. In addition, as shown in Fig. 10(b), the
transgranular cracks observed as a result of the UCS tests
are consistent with the findings reported in the literature
(Chen et al. 2018). At 40 000x magnification, SEM images
can identify the bridge structure between the particles. The
mechanism of AAWBP was explained clearly by SEM
images with magnifications from both overall and regional
perspectives.

The untreated soil sample of S1 at 300x magnification is
illustrated in Fig. 10(a). As shown in Fig. 10(b), AAWBP
gel filled the pores between soil particles and caused the
soil particles to aggregate. As illustrated in Fig. 10(e), a
large amount of hydration product was formed following
the alkali activation reaction. The SEM image with 40 000x
magnification in Fig. 10(f) clearly showed that
hydrosodalite (a crystalline compound) was formed as a
hydration product (Statkauskas et al. 2023). Also, as shown
in Fig. 10(f), the formation of C-S-H was seen at high-rise
magnification levels (Maaze and Shrivastava 2023). In
addition, Fig. 10(f) shows that the sample has Ca peaks in
the EDS spectra, showing the formation of C-S-H, which
may greatly improve the strength of the samples (Cong et

al. 2022). The XRD results also confirmed the presence of
C-S-H.

3.4 XRD analysis results

To evaluate the mineralogical composition of WBP and
alkali-activated samples after curing for 365 days at room
temperature, the powder XRD diffraction analysis
technique was carried out, and the powder XRD patterns of
WBP and alkali-activated samples are comparatively given
in Fig. 11. The comparison of the peak intensities and areas
of minerals in the XRD patterns shows that the main
crystalline phase of WBP is quartz (Q). It also contains the
albite (A) as a secondary mineral as well as calcite (C),
hematite (H) and clinochlore (Cln) minerals as small
components. The (100), (101), (110), (102), (200), (201),
(112), (211), and (203) crystal planes of quartz are observed
at 20.90, 26.65, 36.10, 39.60, 42.50, 45.82, 50.12, 60.19,
and 68.20 (20) wvalues, respectively (JCPDS 46-1045),
whereas the (002), (-201), (111), (130), and (002)
reflections of albite are detected at 14.54, 22.10, 23.90,
24.29 and 27.92 (20) values, respectively (JCPDS No 09-
0466) (Sun et al. 2023, Yang et al. 2012). In addition, the
peaks from calcite are located at 30.42 and 41.00 (26); the
peaks of hematite are positioned at 33.10, 37.00, and 54.01
(26); and the peaks from clinochlore are seen at 19.20 and
25.20 (20) values, which have quite weak intensity. The
alkali activation of WBP with sodium hydroxide resulted in
the emergence of a broad peak in the region of 5-10 (26)
due to the amorphous aluminosilicate phase of the
geopolymer and the appearance of new semi-crystalline
XRD peaks belonging to calcium silicate hydrate (CSH)
and sodium calcium aluminosilicate hydrate (NACSH)
species, indicating the formation of a geopolymer matrix
including these species. The XRD peaks belonging to CSH
are located at 29.40, 42.90, 46.20, and 55.20 (26) values,
while the XRD peaks from NACSH are detected at 33.60,
36.30, and 41.50 (26) values, and the peak intensities from
these species were significantly affected by concentrations
of NaOH and L/S ratios. The peak intensities of CSH and
NACSH species, which was observed in maximum
intensities for the S1L1.5M12D365 sample, paralleled the
increasing of the amorphous aluminosilicate phase peak. As
stated in the literature, calcium silicate hydrate (CSH)
species have a positive role in the geopolymerization
process by behaving as nucleation sites for the generation
and aggregation of amorphous geopolymer gels, which
eventually causes the strengthening of the sample and
increasing its compressive strength (Zawrah et al. 2016).
The XRD peaks belonging to CSH species reached a
maximum in the SIL1.5M12D365 sample, which is in good
agreement with further reported UCS results. The present
study clearly shows that the change of the NaOH
concentration and L/S ratio significantly influenced the
UCS properties of samples with regard to their CSH
amounts in the polymeric matrix.

3.5 FT-IR analysis results

In order to verify the formation of geopolymer matrix
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Fig. 11 XRD analysis results

and silicate hydrate species in samples, the ATR-FTIR
spectroscopy is performed, which is also a handy technique
for identification of chemical species by using vibrational
frequencies (Fig. 12). The strong band at 998 ¢cm™ and the
shoulder peak at 1048 cm are ascribed to the in-plane
asymmetric stretching vibrations of Si-O-Si of tetrahedral
sheet whereas the IR band in the region of 500-400 cm
corresponds to deformation vibration of O-Si-O, Al-O-Si
and Si-O bonds (Mostafa et al. 2009, Shen et al. 2022,
Zawrah et al. 2016). The characteristic IR peaks observed at
795, 777, 693 and 664 cm™' originating from the Si-O-Si
bonds (inter tetrahedral bridging) in SiO2 are due to the
existence of quartz mineral (Hwang et al. 2019, Zawrah et
al. 2016). After the alkali activation of WBP with sodium
hydroxide, the main IR band at 998 cm™ is shifted to lower
frequencies in the case of all activated samples as the result
of the formation of geopolymer matrix including

amorphous aluminosilicate, CSH and NACSH species,
which is good agreement with SEM and XRD analysis. This
shift in the main IR band, which is related to the emergence
in the tetrahedrally placed Al atoms existence in the
geopolymer matrix, is gradually changed with the amount
of sodium hydroxide and then reached a maximum for the
S1L1.5M12D365 sample as an outcome of the formation of
CSH and NACSH species (Zawrah ef al. 2016). This result
is consistent with the XRD and UCS results that the NaOH
concentration and L/S ratio affected the formation of CSH
species in the polymer matrix. Furthermore, the broad OH
stretching band around 3600 cm™! and OH bending IR band
at 1630 cm™ which belong to water species signifies
entrapped water molecules in the large cavities of the
polymeric framework of geopolymer product or surface
absorbed water (Zawrah et al. 2016) There are minor
increases in intensity of these OH vibrations due to the
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Fig. 12 FT-IR analysis results

formation of hydrated silicate products. What appears to be
important in examination of geopolymerization by using IR
technique is the shifts and changes in intensity of the IR
peak locations, as different amount of the NaOH
concentration and L/S ratio are applied. As the silica
structures in WB are dissolved by alkali activation and
formed the new bonds corresponding to CSH and NACSH
species, Si-O-Si peak shifts to lower frequencies whereas
the intensities of Al-O-Si and OH vibrations increase in
consistent with the fact that formation of sodium calcium
aluminosilicate hydrate. However, maintenance of IR bands
at 795, 777, 693 and 664 cm™ in the ATR-FTIR spectra of
the alkali-modified samples is explained by the presence of
undissolved quartz particles, which is in good correlation
with the XRD results. In addition, activated samples exhibit
the typical stretching vibration of the O-C-O bond at 1420
and 1490 cm’!, which can be assigned to the occurrence of
the carbonate mineral owing to atmospheric carbonation
(Zawrah et al. 2016).

3.6 TG/DTG analysis results

The TG/DTG analysis were applied to evaluate the
thermal behaviours of samples depending on mass losses
and decomposition temperatures. The TG/DTG curves
obtained for the WBP and alkali modified samples were

given in Fig. 13. The DTG peak of WBP in the in the
temperature range of 520-680°C corresponds to the
dehydroxylation of crystalline zeolitic phase whereas the
DTG peaks of alkali modified samples determined in the
ranges of 30-160°C, 160-400°C, 500-700°C and 720-850°C
are attributed to the dehydration of combined free water
molecules with CSH species, evaluation of chemical bound
water molecules in the geopolymer, NASH and CSH
species, the dehydroxylation of crystalline zeolitic phase
with decomposition of full CSH species and decomposition
of carbonate groups as four-step decomposition process,
respectively (Abdel-Gawwad et al. 2021, Kumavat ef al.
2020, Li et al. 2022, Rihan Maaze and Shrivastava 2023,
Yang et al. 2020). The total mass losses of alkali modified
samples significantly increased compared to that of the
WBP which is associated with the more formation of free
and chemical bound water molecules in the geopolymer,
NASH and CSH species as well as the formation of
carbonate groups by alkali activation. Many researchers
agree that the increase in the mass losses in the first three
steps shows the more existence of geopolymer and CSH
species which led to a noticeable increment of mechanical
properties (Cong et al. 2022, Li et al. 2022). According to
the TG/DTG curves, the maximum mass losses was
achieved for the SI1L1.5M12D365 sample which are
consistent with XRD, FTIR, UCS and SEM results.
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4. Conclusions

This study focused on the waste brick powder as a
geopolymer binder to gain insights into the underlying
mechanisms and strength properties for their potential use
for soil stabilization in long-term applications. The effects
of L/S ratios, alkali activator concentration, type of soil, and
aging on the microstructure and mechanical properties of
geopolymer-treated samples are systematically investigated.
The following conclusions can be drawn:

(1) The injectability test results demonstrated that the
AAWBP solution is injectable and capable of penetrating
the grout between soil grains. WBP, with a grain size
smaller than 0.075 mm, was significantly finer than the soil
grains (S1, S2, and S3) with sizes ranging from 0.3 to 4.75
mm. This size difference enhanced the injectability of

AAWBBP, allowing it to penetrate micro voids in the soil.
The SEM analysis results also validated the experimental
findings, confirming the effectiveness of the method.

(2) The results indicated that AAWBP gel can be used to
strengthen soils by causing an alkali-activated reaction that
transforms loose and porous soil into a solid structure. The
maximum strengths of soil samples were determined to be
472, 3.79, and 2.5 MPa for S1, S2, and S3 soils,
respectively. The strength results showed that reducing soil
particle size positively influenced the development of
strength characteristics.

(3) The NaOH concentration of 4 M was found to be
inadequate for the strength development of the samples.
However, the samples activated with an increased level of
8M NaOH ultimately achieved strength, indicating
sufficient alkalinity for geopolymerization. The strength
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increase with increasing NaOH molarity from 8 M to 12 M
was observed only in S1 soil samples. In addition, the
strength of all samples was negatively influenced when the
concentration increased to 16 M. The optimal choice for
strength development was found to be 8 M for an alkaline
environment, which provided for strength development.

(4) The optimum L/S ratio was determined to be 1.5 for
soil samples. A too high L/S ratio adversely affected the
geopolymerization of samples because excessive amounts
of water decreased the alkali activator concentration, which
might reduce the strength capability. Also, the impact of the
optimum L/S ratio of 1.5 on strength results at high
molarity (8 and 12 M) was much greater than at low
molarity (4 M) in an alkaline environment.

(5) The long-term results of AAWBP could be a highly
valuable advantage for the evaluation of the lifetime service
properties of soil improvement. The UCS of all geopolymer
samples increased with the curing time; however, a longer
curing time (365 days) significantly promoted compressive
strength compared to 28 days of samples. The UCS of
geopolymer-treated S1, S2, and S3 soil samples in a long-
term increment (28 to 365 days) was determined to be 42%,
279%., and 310%, respectively.

(6) In micro examinations, it was observed that the main
reaction product was C-S-H gel. As the samples aged, the
gels gradually solidified into the soil and improved the
connection of soil particles to form a structure; when the
reaction time was prolonged, the network structure got
more densified, which resulted in improved UCS of soils.

This study provides a new understanding of waste brick
powder geopolymer and broadens its applicability. In future
studies, environmental effects such as freeze-thaw and wet-
dry, as well as full-scale application, can be considered for
better insight into soil improvement by using
geopolymerization.
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