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ARTICLE INFO ABSTRACT
Keywords: This study focuses on the development of eco and user-friendly mechanochemically-activated geopolymeric
Geopolymer stabilizers, surpassing the limitations inherent in traditional geopolymerization methods. A comparative analysis

Mechanochemical activation
Soil stabilization

Durability properties

Sulfate attack

was undertaken with conventionally activated geopolymer stabilizers to establish benchmarks for effectiveness
in soil stabilization applications. Additionally, the research delves into the impact of granulated blast-furnace
slag (GGBS) content on the mechanical and durability properties of stabilized soil samples. In addition, the
investigation focuses on the influence of the activation method on soil effectiveness and strength post-exposure to
sulfate attack. The durability performance is rigorously assessed through the immersion of specimens in a 1 %
magnesium sulfate (MgSO4) solution for 60 and 120 days. The comprehensive evaluation includes visual
appearance, mass changes, Ultrasonic Pulse Velocity (UPV), Unconfined Compressive Strength (UCS), and
Fourier-Transform Infrared (FTIR) spectra of geopolymer-stabilized soil specimens. The results showed that
before the exposure to the MgSO4 solution, the UCS of mechanochemically activated geopolymer (MAG) samples
was higher (12-45 %) than that of conventionally activated geopolymer (CAG)-stabilized soil. Furthermore, the
strength of the geopolymer-stabilized soil improved by 114 %, 247 %, and 361 %, at 50, 75, and 100 % GGBS
content, respectively. On the other hand, after exposure to the MgSO4 solution, the results showed that the
mechanochemically activated geopolymer-stabilized soil has better resistance to sulfate erosion than the
conventionally activated geopolymer-stabilized soil. The residual UCS for MAG and CAG samples were 93 % and
89 % when exposed to 1 % magnesium sulfate solution for 60 days, whereas they declined to 70 % and 58 %,
respectively, after 120 days of immersion.

Introduction cost-effectiveness (Arulrajah et al., 2018). For earthworks exposed to a
range of loads of low to medium, such as road embankments, the deep
In recent years, the deep soil mixing (DSM) technique has become soil mixing approach is more feasible and cost-effective than alterna-

more popular for stabilizing soft to very soft clays due to its speed and tives, such as piling (Bouazza et al., 2004; Porbaha, 1998). Ordinary
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Portland cement (OPC) is the traditional binder utilized with this
approach, with binder levels of up to 30 % by soil mass (Shen et al.,
2003; Horpibulsuk et al., 2011; Bruce et al., 2013). Environmental
concerns are related to the use of cement due to the implied extensive
use of natural resources and energy, in addition to the release of COy
during the production of these common binders. Therefore, recent
studies are researching alternate binders that can reduce the carbon
footprint of construction works (Arulrajah et al., 2018).

In recent years, there has been a growing interest in geopolymer
materials as a feasible alternative to ordinary Portland cement (OPC)
(Juenger et al., 2011). According to Nedunuri and Muhammad, (2020),
geopolymerization is a process that occurs when an aluminosilicate
precursor reacts with an alkaline activator, leading to the creation of a
geopolymer that possesses an amorphous microstructure. Geopolymer
materials offer several advantages over OPC, including their eco-
friendliness, chemical resistance, durability, excellent mechanical
characteristics, resistance to alkali-aggregate reactions, and the visco-
plastic constitutive relationship like that of the OPC. These character-
istics make geopolymer materials a promising alternative to OPC for
various applications (Bilondi et al., 2018; Favier et al., 2014; Pacheco-
Torgal et al., 2011; Pacheco-Torgal et al., 2008; Palacios et al., 2008;
Cevik et al., 2018). Recently, several studies have explored the appli-
cation of geopolymers as soil stabilizers (Rios et al., 2019; Sargent et al.,
2016; Phummiphan et al., 2016; Yaghoubi et al., 2019; Cyriaque Kaze
et al., 2022; Kaze et al., 2021). The geopolymer binder aids in the for-
mation of a denser microstructure in soil particles, thereby improving
volume stability and mechanical properties (Zhang et al., 2013).
Consequently, geopolymers can be effectively utilized as shallow-depth
soil stabilizers (e.g., for base or subbase in pavement, embankment,
shallow foundation, airport construction, etc.) and in deep soil mixing
applications (Phummiphan et al., 2016; Teerawattanasuk and Vootti-
pruex, 2019).

Although the geopolymer binder has great potential as an environ-
mentally friendly alternative to OPC, its use has been limited to mod-
erate applications until recently. Encouraging the use of geopolymers in
construction can greatly enhance their environmental friendliness.
However, the conventional method of producing geopolymers involves a
two-part process that utilizes alkaline solutions and solid alumina-silica
precursors. According to Lee, (2002) and, Lee and Van Deventer, (2003),
the hazardous activators are responsible for dissolving the raw materials
and regulating the mechanical properties of the geopolymer. Although
conventional geopolymer formulations have their advantages, their two-
part mix formulations have some drawbacks, as indicated in (Duxson
and Provis, 2008). Handling the alkali solution can be hazardous and
pose a risk of accidents on-site. To facilitate the widespread commer-
cialization of geopolymeric materials, it is essential to replace the con-
ventional activation method, which is not user-friendly. The dissolution
of NaOH in water is an exothermic process that produces a hazardous
alkaline medium, presenting significant challenges for safety and
handling. Thus, it is necessary to develop an alternate activation method
that can overcome these limitations and enable the use of geopolymer
materials in a solid form, similar to OPC. The use of solid-form geo-
polymers represents an innovative approach to mitigating the issues
associated with conventional geopolymeric systems, and eliminates the
need to handle highly alkaline solutions to activate geopolymers. By
developing alternative approaches to activate geopolymers, it is possible
to enhance their practicality and environmental sustainability, and
enable their widespread use in the construction industry.

Mechanochemical activation is an innovative solid-state chemistry
method for producing geopolymers. It involves the milling or grinding of
small particulate solid matter to create molecularly dense, reactive, and
amorphous aggregated composite particles. According to Hamid Abed
et al., (2022a, 2022b), this process involves co-grinding solid binders,
such as GGBS, fly ash, rice husk ash, and other aluminosilicate sources,
with solid alkali activators, such as sodium hydroxide and sodium sili-
cate, in a ball grinder. As a result, only water is needed to initiate the
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geopolymerization reaction process. The intense milling or grinding
processes can generate surface defects and electrostatic charges,
increasing surface energy and a phase change from crystalline to
amorphous (Intini et al., 2009; Balaz et al., 2013) and activated particle
agglomeration (Souri et al., 2015). A recent study indicates that the
mechanochemical activation process can increase reactivity, alter the
polymerized unit structure, and considerably improve the mechanical
properties of hydrated products (Gupta et al., 2017; Mudgal et al., 2019;
Matalkah et al., 2017; Kumar and Kumar, 2011). Hosseini et al., (2021)
reported that the mechanochemical synthesis process increased the
dispersion of fly ash -bottom ash particles, altered the alkali activators
and aluminosilicate reaction kinetics, increased the interconnectivity of
geopolymer structure, and declined pore size, resulting in an improve-
ment in mechanical characteristics of 60 % to 80 %. Hamid Abed et al.,
(2022b, 2022c) found that the mechanochemical activation approach
enhanced the UCS by (22-44 %) in comparison with conventionally
activated geopolymer grout and was higher (41-73 %) than that of One-
part geopolymer grout. Kushwah et al., (2021) developed a geo-
polymeric binder in solid form by mechanochemical synthesis of fly ash
and dry alkaline activator after different hours of ball-milling. The re-
sults revealed that the influence of milling duration was substantial
between 2 h and 6 h, and the strength performance was significantly
increased; however, the strength decreased when the grinding length
exceeded 6 h. (8, 10, and 12 h). Abbas et al., (2022) investigated the
feasibility of incorporating rice husk ash as an incomplete antecedent in
GGBS-based geopolymer grout which was mechanochemically acti-
vated. They found that the mechanochemically activated geopolymer
grout with 20 % rice husk ash increased UCS by 28 % and 27 %
compared to OPC and conventionally activated geopolymer grout,
respectively.

The durability of stabilized soils is a crucial design consideration for
deep soil mixing, particularly in harsh environments (chemical attacks,
carbonation, Ca™, freezing/thawing, and wetting/drying cycles) (Denies
et al., 2015; Bellato et al., 2012; Tkegami et al., 2003). Sulfate attack is
one of the most significant elements affecting the constructions’ long-
term endurance (Goncalves et al., 2019; Zhu et al., 2021). In practice,
underground constructions may be subjected to sulfates when ground-
water is contaminated (agricultural, industrial, or air pollution) or
gypsum is present in the soil. Therefore, in DSM, water and sulfated soils
may constitute the soil-cement material, thereby enhancing their
negative influence. It is well known that the various types of sulfate
assaults produce mechanical and chemical deterioration in clayey soils
in particular (Helson et al., 2018). According to the authors, there may
potentially be an interaction between clay and sulfate ions (Sherwood,
1962; Puppala et al., 2007). Verastegui-Flores and Di Emidio, (2014)
indicate that external sulfate attacks can degrade clay-cement samples
by lowering shear modulus and increasing hydraulic conductivity. The
sort of binder utilized is the primary factor determining the degree of
resistance to chemical attacks. Jiang et al., (2018) utilized a lightweight
alkali-activated GGBS as a binder to stabilize fill soil in subgrade work
and then immersed stabilized soil samples in a sulfate solution for
various periods (3, 7, 14, 28, 60, 90, and 120 days). The results
demonstrate that lightweight alkali-activated GGBS-stabilized soil has
superior resistance to sulfate attack in terms of increased water ab-
sorption and improved mechanical properties; the increased cementi-
tious hydration products can explain it in the stabilized soil.

The novelty of this study lies in the exploration of mechanochemi-
cally activated slag/fly Ash geopolymer stabilizers, which have not been
previously investigated for the specified research objective. The primary
focus is on developing environmentally and user-friendly mecha-
nochemically activated geopolymeric stabilizers, addressing the limita-
tions of traditional geopolymerization methods. A comparative analysis
with conventionally activated geopolymer stabilizers is conducted to
establish benchmarks for effectiveness in soil stabilization applications.
Additionally, the research investigates the influence of GGBFS content
on the mechanical and durability properties of stabilized soil samples.
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Notably, little attention has been given to the long-term durability of
geopolymer-stabilized soils, especially regarding the impact of the
activation method on soil effectiveness and strength after exposure to
sulfate attack. The durability performance is assessed by immersing
specimens in a 1 % magnesium sulfate (MgSO4) solution for 60 and 120
days. The evaluation encompasses visual appearance, mass changes,
Ultrasonic Pulse Velocity (UPV), Unconfined Compressive Strength
(UCS), and Fourier-Transform Infrared (FTIR) spectra of geopolymer-
stabilized soil specimens. This research aims to contribute to the
advancement of geopolymer synthesis methods and provide valuable
insights into the long-term durability of geopolymer-stabilized soils.

Materials and methods
Materials

The fine-grained soil was examined for deep mixing in the experi-
mental investigation obtained from Gaziantep, Turkey, as shown in
Fig. 1. In accordance with the Unified Soil Classification System (USCS),
the soil is thought to be a low-plastic clay and classified as CL. The soil
was dried in an oven for 24 h and sieved through a 0.425 mm sieve in
accordance with the standardized method to prepare remoulded speci-
mens for laboratory testing (IS: 2720- Part 1), and the soil characteristics
used in this study are given in Table 1.

GGBS and class F fly ash were used as the raw precursors to produce
geopolymer binder. A 2.5 M concentration of sodium hydroxide (NaOH)
solution was prepared using 97-98 % pure NaOH beads bought locally.
Sodium silicate (NaySiO3) was adopted in two forms: a liquid solution
for the preparation of traditional geopolymer and a powder form
(metasilicate-Penta) for the production of mechanochemical geo-
polymer binder. In accordance with previously published research
applying the mechanochemical synthesis method (Abbas et al., 2022;
Bhardwaj et al., 2020; Gupta et al., 2017, 2020; Hamid Abed et al.,
2022b; Mudgal et al., 2019; Manish et al., 2016), the ratio of NaySiO3/
NaOH = 0.5 was adopted to prepare the alkali activator. The chemical
characteristics and the physical properties of GGBS, fly ash, Na,SiOs,
and clay are all presented in Table 2.

Characterization of geopolymer binders

In this study, the preparation of mechanochemically activated geo-
polymer (MAG) stabilizers involved grinding all raw material powders
(NaOH, metasilicate, slag, and fly ash) for 2 h as described by Hamid
Abed et al., (2022b) (Fig. 2). The grinding process was conducted using a
ball mill of 80 kg capacity using 12 balls, each with a mass of 400 g and a
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Fig. 1. SEM pictures clay soil.
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Table 1

Characteristics of soil (clay).
Parameters Value
Liquid limit (LL) 41
Plastic limit (PL) 25
Plasticity index (PI) 16
Specific gravity (Gs) 2.77
passing No.200 920
Optimum moisture content, OMC, (%) 19.2
Maximum dry unit weight (kN/m?®) 17.5
Swelling (%) 3.58
Silt (%) 32
Clay (%) 58
Classification (USCS) CL

Table 2

Chemical characteristics and physical properties of FA, GGBS, sodium silicates
and clay.

Constituent (%) GGBS FA (Na,SiO3-Penta) (Na,SiOs) clay
Powder liquid

a) Chemical composition
CaO 34.19 4.24 18.24
Al,O3 10.6 24.4 6.36
SiO, 40.42 57.2 28 29.4 17.25
Fey03 1.28 7.1 10.7
MgO 7.63 2.4 0.44
SO3 0.68 0.29 0.08
K20 0.0128  3.37 1.49
NayO 0.38 29 14.7
H,0 43 59.9
loss of ignition 1.64 2.07
Modulus ratio 1 2
b) Physical properties
Specific surface 565 379

(m?/kg)
Specific gravity 2.9 2.2

diameter of 45 mm. Through the ball milling process (grinding), the
components (particles) of mixed raw materials are trapped between the
balls and the container wall, which is caused by the continuous impact of
the particles and grinding. After that, The resulting MAG powder (Fig. 2)
was mixed with tap water to produce a MAG stabilizer, following the
procedure outlined by Abbas et al., (2022) and, Hamid Abed et al.,
(2022b, 2022c).

The mechanochemically activated geopolymer slurry mixture, with a
water-to-binder ratio of 1 (equivalent to 2.5 molarity), and soil (clay) at
the optimal moisture content of LL-5 were mixed at a binder-to-soil ratio
of 30 % to produce soil-binder (DSM) specimens. These specimens were
cured for 28, 60, and 120 days in well-sealed plastic bags at 23 °C + 3
before UCS testing.

To facilitate comparative analysis, a conventionally activated geo-
polymer slurry mixture is introduced as a substitute for the mecha-
nochemically activated geopolymer slurry in the formulation of CAG-
stabilized soil. This substitution allows for an exploration of the differ-
ential effects between the two activation methods on the soil stabiliza-
tion process. hydroxide (NaOH) beads were dissolved in tap water at a
molarity of 2.5, and the weight of the dissolved NaOH was measured for
conventional geopolymer preparations It is worth mentioning that the
mixing process resulted in an exothermic reaction, which led to the
NaOH solution becoming excessively hot. Consequently, the liquid was
allowed to cool to ambient temperature and stored until chemical
equilibrium was achieved before further use. Subsequently, sodium
silicate (NaSiO3) was added to the cooled sodium hydroxide liquid as
per the conventional geopolymer activation procedure. This cautious
approach was adopted to ensure the safe handling of the highly alkaline
NaOH solution and to minimize the risks associated with the exothermic
reaction.

This study utilized two mixture groups (MAG and CAG), each



M. Hamid Abed et al.

Cleaner Materials 11 (2024) 100226

Sodium metasilicate — L

0
Sodium hydroxide |

SO .

Collision Zone:
charge fraction involved

T T
o Je AN o N

MAG powder

Activated Matenals

Fig. 2. The manufacturing process of MAG powder.

containing four GGBS ratios (0 %, 50 %, 75 %, and 100 %). For instance,
the CAG-100S code indicates that the adopted slurry is a geopolymer
that has been conventionally activated, including 0 % fly ash and 100 %
GGBS. Also, the MAG-75S code denoted that the geopolymer type is a
mechanochemically activated geopolymer binder containing 25 % fly
ash and 75 % GGBS. Table 3 displays the mixture proportions of both
MAG- and CAG-stabilized soils.

Test methods

All specimen preparation and testing were conducted in the labora-
tory at room temperature. The mixing procedure adopted for preparing
the specimens was uniform for all the tests. First, the oven-dried soil and
water were separately weighed and mixed in a container to set the
moisture content of the remoulded soil to 36 % (LL-5). This moisture
content was chosen to simulate soft soil. According to previous studies

(Giillii et al., 2017; Pakbaz and Farzi, 2015; Bhadriraju et al., 2008),
deep mixing treatment is mostly applied for soils where the water con-
tent is close to the liquid limit.

The remoulded soil was carefully placed into sealed bags and
allowed to sit for 24 h to guarantee sufficient contact between the soil
particles and moisture. The mixing procedure for obtaining grout mix
samples followed the method reported by Hamid Abed et al., (2022b,
2022c). Based on previous research (Arulrajah et al., 2018; Chew et al.,
2004), it has been found that soil can be effectively stabilized when the
dosage of the stabilization agent is in the range of 20-30 % of the dry soil
mass. Therefore, the dry material of the stabilization agent was set at 30
% of the dry soil mass, and the water-to-binder ratio was set at 1. The
remoulded geopolymer-stabilized soil (MAG and CAG) was mixed using
a mixer at a speed of 240 rpm for 3 min, ensuring thorough stirring to
form geopolymer-stabilized soil. The mixture was then poured into cy-
lindrical moulds with a diameter of 50 mm and a height of 100 mm. To

Table 3

Mix proportions deep mixing soil.
MixID geopolymer slurry Soil

FA (g) GGBS (g) NaOH (g) NaySiOs (8) Grinding duration: h Water (g) Clay (g) Clay moisture content (%)

CAG-0S 850 0 100 50% - 1000 3333.3 36
CAG-50S8 425 425 100 507 - 1000 3333.3 36
CAG-75S 212.5 637.5 100 507 - 1000 3333.3 36
CAG-100S 0 850 100 507 - 1000 3333.3 36
MAG-0S 850 0 100 50° 2 1000 3333.3 36
MAG-50S 425 425 100 50° 2 1000 3333.3 36
MAG-75S 212.5 637.5 100 50° 2 1000 3333.3 36
MAG-100S 0 850 100 50° 2 1000 3333.3 36

2Composed of the sodium silicate activator (in liquid form).
bComposed of sodium metasilicate -Penta” activator (in powder form).
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minimize experimental errors, three parallel samples were prepared for
each group. The geopolymer-stabilized soil specimens were vibrated
after each filling for 10-20 s to remove any air bubbles that may have
formed during the specimen preparation process. Subsequently, curing
of the geopolymer-stabilized soil specimens occurred at temperatures
within the range of 20 to 26 °C in well-sealed plastic bags until the
designated curing time was reached.

The UCS tests of the DSM specimens were conducted by uniaxial
loading at a loading rate of 1 mm/min. The UCS value was calculated by
taking the peak axial stress measured at the point of failure into
consideration. It should be noted that before performing the UCS tests,
the geopolymer-stabilized specimens were utilized to quantify the wave
velocity (UPV) according to ASTM C597-09 (Astm, 2009). The ultra-
sonic pulse velocity test, classified as a non-destructive test, was utilized
to assess the stiffness of the hardened materials. The magnitude of UPV
measures can be interpreted based on several classifications from pre-
vious research (Anon, 1979) (Table 4).

To characterize the microstructure and chemical composition of the
materials, scanning electron microscope (SEM) analysis was conducted
using a ZEISS Gemini SEM 300. The raw materials, geopolymer pre-
cursors generated from the mechanochemical grinding process, and the
hardened geopolymer-stabilized soil were subjected to SEM inspection.
Additionally, X-ray diffraction (XRD) was used to evaluate the crystal-
line structure of the geopolymeric powder qualitatively before the
mechanochemical activation process and after it ceases. Furthermore,
Fourier transforms infrared (FTIR) spectroscopy was conducted in the
spectral range of 450 to 2000 cm ' to identify the chemical bonds
present in the hardened geopolymer-stabilized soil. These analytical
techniques were utilized to gain insights into the microstructural and
chemical characteristics of the geopolymer materials and their perfor-
mance after the activation process.

The test for sulfate attack is conducted in a similar way as that re-
ported by Kamon et al., (1993). Each of the specimens cured for 28 days
was submerged in a 1 % magnesium sulfate solution for up to 120 days,
while control samples (unexposed) of the same mixtures were stored at
room temperature until testing age. Before the exposure to the MgSO4
solution, both MAG and CAG-stabilized soil samples were soaked in
water for one day and then dried for two hours at a temperature of 23 °C
to determine their initial mass. Every 15 days during the exposure
period, samples were collected from the magnesium sulfate solution
tank and washed with water to eliminate any chemical reaction products
that precipitated on the exposed samples’ surface. The stabilized soil
specimens were then dried for 2 h at 23 °C before being weighed. The
magnesium sulfate is replenished every 15 days in all cases. Various
tests, including visual inspection, mass change, UCS, and UPV loss, were
conducted at regular intervals throughout the duration of exposure to
determine the impact of MgSO4 solution on geopolymer-stabilized soil
samples. The percentage change in mass was also calculated by the mass
change between the exposed samples and corresponding unexposed
samples compared to the mass of unexposed samples. Before conducting
strength tests, stabilized soil specimens were visually inspected for
symptoms of deterioration, such as cracking, spalling, and delamination.

Table 4
Ultrasound Pulse Velocity (UPV) classification (Anon, 1979).
Ultrasound <2500 2500-3500 3500-4000 4000-5000 >5000
Pulse
Velocity (m/
s)
Label Very Low Moderate High Very
low velocity velocity velocity high
velocity velocity
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Results of the present work and their discussion
Microstructure analysis of geopolymeric precursor

Fig. 3 depicts FA and GGBS particle size distribution before and after
the mechanochemical activation process. The D50 of the median size of
raw GGBS and fly ash particles were 22 um and 38 um, while dropped to
15 pm and 20 um, respectively, after 2 h of mechanochemical synthesis
with solid alkali activators in ball milling.

The changes in the microstructure of FA and GGBS antecedents
before and after mechanochemical synthesis with solid alkali activators
were analyzed using SEM. The majority of the raw FA particles were
observed to be spherical in shape, as depicted in Fig. 4a. However, post-
to co-grinding FA with solid alkali activators for a duration of 2 h, the
average particle size of both the solid compounds and FA decreased.
However, some fine-grained particles agglomerated, and the raw FA
retained its spherical shape to some extent. Moreover, the combination
of sodium metasilicate and sodium hydroxide resulted in the initial
binding of FA particles (Fig. 4b). Gupta et al., (2017) found that ball-
grinding FA and sodium hydroxide for 8 h increased surface area and
reaction rate by creating cracks and defects. Fig. 4c-d displays SEM
images of raw GGBS and mechanochemically synthesized GGBS pre-
cursors. The size and shape of GGBS granules in Fig. 4c were hetero-
geneous and dissimilar, with sub-rounded to angular shapes and rough
edges and bulk, as observed by Baalamurugan et al., (2021). After un-
dergoing 2-hour mechanochemical processing (Fig. 4d), the size of
GGBS particles was generally reduced, while their angular and deformed
shapes remained intact. Furthermore, this process increased the parti-
cles’ surface area and expedited the reaction rate of the geopolymer
antecedents.

XRD spectra of the raw geopolymeric (G-100S) powder and mecha-
nochemical activation geopolymeric (MAG-1008S) precursors are plotted
in Fig. 5. The MAG-100S powder samples were co-grinded GGBS with
sodium metasilicate and sodium hydroxide. The G-100S powder was
formed of manually dry-blended GGBS, sodium metasilicate, and so-
dium hydroxide, with no grinding. The geopolymeric precursor (G-
1008S) exhibits a vitric structure with an amorphous phase, as indicated
by a bulge between 28° and 33° (260 value) with a 30° spike. In addition,
crystalline phases are depicted in Fig. 5 by sharp peaks made up mostly
of calcium silicate, gehlenite, akermanite, and merwinite, as seen by the
high peaks between 26 = 15° and 26 = 90° (Zhang et al., 2008; Yusuf
et al., 2014). The X-ray diffraction (XRD) pattern analysis of the co-
grinded (MAG-100S) and raw (G-100S) antecedents (Fig. 5) revealed
that the peak intensity of the co-grinded antecedent was considerably
weaker than that of the raw antecedent, indicating that the crystalline
phases of the GGBS had amorphized due to the mechanochemical
grinding process using NaOH and sodium metasilicate. The disorder and
surface area were increased by the mechanochemical activation process,
which promoted the reaction between the raw powders (Gupta et al.,
2017). These results demonstrate that the mechanochemical grinding
process effectively transformed the crystalline phases of the GGBS into
an amorphous state, thereby facilitating the subsequent geo-
polymerization process.

Strength performance of DSM

The UCS values of DSM (MAG and CAG) samples at various GGBS
contents are seen in Fig. 6. It is noticeable that the UCS values obtained
in this study meet the minimum strength requirements (>0.4 MPa) for
bearing capacity in ground improvement applications according to
Coduto et al., (1999). This indicates that the geopolymer-stabilized soil
samples prepared in this study have the potential to be used as a suitable
alternative to traditional cement-stabilized soil in ground improvement
applications (Giillii and Ali Agha, 2021).

The mechanical properties of DSM samples were found to be
significantly influenced by the mechanochemical activation of the
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Fig. 3. The grain size distribution of the raw and mechanochemically activated FA and GGBS.

Fig. 4. SEM images of (a) raw FA, (b) mechanochemically activated FA, (c) raw GGBS, and (d) mechanochemically activated GGBS.

geopolymer binder, as demonstrated by the experimental results. The
UCS of MAG samples exhibited a strength increase of approximately 12
%, 11 %, 45 %, and 23 % for MAG-0S, MAG-50S, MAG-75S, and MAG-
100S, respectively, when compared to its conventionally activated

geopolymer counterpart. The mechanochemical synthesis of the geo-
polymer binder was responsible for the enhanced strength of MAG-
stabilized soil samples. According to Hamid Abed et al., (2022a), the
mechanochemical activation process enhanced the surface area and
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Fig. 6. UCS and UPV of MAG and CAG- stabilized soil specimens.

reactivity of the geopolymer binders, resulting in the formation of more
gel within the geopolymer-stabilized matrix, and the total pore volume
and porosity decreased, thereby strengthening the bond between soil
particles and leading to an increase in the strength of the MAG soil
sample. As depicted in Fig. 6, the UCS of DSM samples increased pro-
portionally with the GGBS content, where the UCS of the MAG-50S,
MAG-75S, and MAG-100S samples increased by 114 %, 247 %, and
361 %, respectively, compared to the sample containing 100 % FA.
GGBS’s superior cementing properties and higher reactivity, as
compared to FA, are the primary reasons for its significant impact on
UCS Hamid Abed et al., (2022b, 2022c¢). Furthermore, the high CaO
content plays an important function in enhancing activation and early-
age strength (Nath and Kumar, 2013). The enhancement in mechani-
cal properties with the increase in GGBS content is also consistent with
the literature on alkali-activated FA/GGBS-stabilized soil where an in-
crease in UCS with the increase in GGBS content is reported by Luo et al.,
(2022), Zhao et al., (2007) and, Lee and Lee, (2013). This is linked to the

creation of C-S-H/CA-S-H and C-A-S-H gels that condense the micro-
structure and reduce the porosity of the geopolymer-stabilized soil. The
high CaO content in the GGBS promotes the formation of these gels,
thereby modifying the microstructure and enhancing the mechanical
properties of the geopolymer-stabilized soil (Nath and Kumar, 2019).

As illustrated in Fig. 6, UPV test was performed for both MAG, and
CAG stabilized soils to validate the unconfined compressive strength
values. The UPV values fall within the range of 1200 to 2400 m/s,
corresponding to the very low-velocity degree described in (Anon, 1979)
(Table 4). This low strength and UPV quality may be attributable to the
clayey soil employed in this investigation (Giillii et al., 2017).

Fig. 6 shows that the UPV values are significantly affected by the
activation method of the geopolymer binder, as established by the pre-
sent results. The UPV of MAG-100S, MAG-75S, MAG-50, and MAG-0S
were 2400, 2200, 1700, and 1250 while the UPV of CAG-100S, CAG-
75S, CAG-50S, and CAG-0S was 2250, 2080, 1600, and 1200 m/s
respectively (Fig. 6). The reduction in particle size and the increase in
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surface area of geopolymeric particles, resulting from the grinding
process of the source material during the mechanochemical processing,
lead to a decrease in porosity and an increase in density of geopolymer
stabilized soil Hamid Abed et al., (2022b, 2022c¢). Therefore, it can be
inferred that the mechanochemical synthesis outperforms the tradi-
tional activation method in terms of enhancing UPV values.

Regarding GGBS replacement, the results reveal that the UPV values
follow a similar trend to that of the UCS results. As shown in Fig. 6, the
UPV values of both the MAG and the CAG samples have increased with
the increase in GGBS content. The UPV values of MAG-50S, MAG-75S,
and MAG-100S increased by 36 %, 76 %, and 82 % compared to the
MAG-0S. This is mostly owing to the increased availability of geo-
polymer gel to more effectively bind the soil particles, leading to an
increase in the density of the DSM samples and, consequently, an in-
crease in the UPV value (Kumar et al., 2010).

Microstructural analysis of DSM

Fig. 7 depicts the effect of the activation method and GGBS substi-
tution on the microstructure characterization of the geopolymer-
stabilized soils. Fig. 7 illustrates that the soil stabilized by mecha-
nochemically activated geopolymer exhibited a denser and more
compact performance compared to the soil stabilized by conventionally
activated geopolymer. Furthermore, unreacted particles are more
evident in CAG-stabilized soil, which developed less C-S-H gel and
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resulted in a loose microstructure, in contrast to MAG-stabilized soil,
which appeared to be well-connected by a gel-like network. According
to Hamid Abed et al., (2022¢) and Abbas et al., (2022), the mechano-
chemical activation process increased the surface area and reactivity of
the geopolymer stabilizer, resulting in the formation of more gel within
the geopolymer-stabilizer matrix. As a result, the total pore volume and
porosity decreased, strengthening the bond between soil particles and
resulting in an improvement in the microstructure characterization of
the stabilized soil sample.

Besides, the increase in slag content significantly affected the
microstructure properties of the geopolymer-stabilized soil. As shown in
Fig. 7(a and c), the SEM image of both CAG and MAG -stabilized samples
became more compact and homogeneous when fly ash was substituted
with GGBS. This explains the significant concomitant increase in
observed strength values. It could be ascertained that the geopolymer-
stabilized samples containing 100 % GGBS had a more compact, ho-
mogeneous structure with produced gels and less of particles that did not
contribute to the reaction (Fig. 7a and c) than the counterpart of samples
containing 50 % FA (Fig. 7b and d), which show a more porous and less
cohesive microstructure.

Previous studies by Abdullah et al., (2019) and Luo et al., (2022)
have shown that soil samples with high GGBS content are efficiently
activated by the alkali activator, resulting in the formation of homoge-
nous geopolymer gels, including net-like or interlocking C-A-S-H and
platy C-S-H, that encase soil particles and result in denser internal
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Fig. 7. SEM images of geopolymer-stabilized soil;(a) MAG-100S;(b) MAG-50S;(c) CAG-100S; and (d) CAG-50S.
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structures. As a result, the macroscopic strength of the soil is increased.
Conversely, an increase in FA content, up to 50 %, results in the presence
of unreacted spherical FA particles that work like mineral additives.
These additives occupy space within the sample and increase its
porosity, as depicted in Fig. 7c. Furthermore, the study conducted by
Luo et al., (2022) revealed that an increase in FA content causes N-A-S-H
to have a higher inhibitory effect on GGBS hydration. This, in turn, re-
duces the cohesiveness of the geopolymer gel on soil particles and am-
plifies the porosity of the samples.

Fourier Transform Infrared Spectroscopy (FTIR) was utilized in this
study to investigate the impact of the activation method and FA /GGBS
ratio on the characteristics of DSM samples (Fig. 8). FTIR spectroscopy is
a chemical technique that allows for the investigation of the rate of
formation and geopolymerization of reaction products in various
geopolymer-stabilized soil samples (Ryu et al., 2013). The analysis
focused on identifying the reaction zones of Al-O and Si-O through
distinct spectral zones, including those located at 1100-900 cm ™! that
correspond to the asymmetric stretching vibration of (Si-O-Al) and (Si-
0-Si), the bands at around 2000 cm ™', which are related with the
stretching vibrations of H-O-H bonds, and the band situated around
1650 cm™!, which is linked with the bending vibration of the —OH
groups of hydrated reaction products in water (Nath and Kumar, 2013;
Al-Majidi et al., 2016).

According to Fig. 8, the vibrational component bands of the MAG
and CAG stabilized soils in the FTIR spectrum differed. The variation in
the values of peaks is associated with the structural reorganization
owing to the activation mechanism (Hosseini et al., 2021). It is impor-
tant to note that a significant difference was observed in the low-
frequency range (1000-500 cm™!), where a large number of bands
appeared, which is a characteristic region of amorphous Si-Al bonds.
The DSM samples prepared using a mechanochemically activated geo-
polymer binder exhibited an increase in the intensity of IR peaks, indi-
cating greater polymerization (Kumar and Kumar, 2011). Furthermore,
the emergence of these bands suggests the formation of three-
dimensional ring interconnections, which is associated with the higher
strength performance of the MAG-stabilized soil, as reported by Gupta
et al., (2017). In addition, the FTIR spectra also reveal that the peaks
associated with the bending vibration of ~OH groups of hydrated
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reaction products in water decrease in intensity as the proportion of
GGBS to FA increases, indicating a decrease in the amount of unreacted
FA particles and the formation of a more homogeneous geopolymer gel
structure (Ryu et al., 2013). This is in accord with the results of the
strength tests, which show that higher GGBS content results in higher
strength performance (Al-Majidi et al., 2016).

Durability studies

Visual appearance

Figs. 9 and 10 show the visual inspection of DSM (MAG and CAG)
specimens exposed to 1 % magnesium sulfate over 60 and 120 days with
varying GGBS to FA ratios. Control samples (unexposed) were also dis-
played for comparison purposes. It is important to notice that samples
containing 100 % FA experienced significant deterioration, as demon-
strated by the occurrence of substantial scaling and spalling in the MAG-
0S and CAG-O0S stabilized soil samples after 60 days of being exposed to
magnesium sulfate. After 120 days of being exposed, complete damage
was observed, making it impossible to continue further exposure due to
the severity of the damage (Figs. 9 and 10). On the other hand, many
visible corrosion layers spalling were seen in all the geopolymer-
stabilized soil samples after immersion in a magnesium sulfate solu-
tion. The CAG-50S sample exhibited a surface colour change, severe
deterioration with the corroded layer obviously spalling, and cracks
appearing around the edge. This suggests that adding FA renders the
binders more susceptible to MgSO4 degradation. The stabilized soil with
75 % and 100 % GGBS content remained intact even after the 120-day
exposure to magnesium sulfate solution, indicating a stronger sulfate
attack resistance than the 100 % FA samples. The presence of GGBS,
which is the major source of Ca (Table 2), compacts the mixes and
provides a greater density due to the development of additional geo-
polymerization products since geopolymers containing GGBS contain
gels (C-A-S-H), hence decreasing void ratio and sulfate absorption.
Several earlier investigations (Elyamany et al., 2018; Garcia-Lodeiro
et al.,, 2011; Deb et al., 2014) support this explanation. The effect of
the activation mechanism on the visual inspection of MAG and CAG
samples exposed to 1 % magnesium sulfates for 60 and 120 days was
depicted in Figs. 9 and 10. The CAG samples exhibited minimal visible
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Fig. 8. FTIR spectra of MAG and CAG- stabilized soil.



M. Hamid Abed et al.

damage and appeared to remain structurally sound, with only minor
erosions observed at the corners and regions near the edges after 60 days
(except CAG-0S). However, specimens subjected to magnesium sulfates
undergo colour changes due to the formation of a white covering
approximately 1 mm thick on their surfaces, as seen in Fig. 9. This also
aligns with the results published by Salami et al., (2017). According to
Ye et al., (2019), the white colour of samples was mainly ascribed to the
generation of gypsum and ettringite. As the exposure progresses, the
CAG-stabilized soil samples display substantial degradation against
sulfate attack, manifesting as surface erosion, expansion, and surface
cracking after 120 days compared to the control specimens. In other
words, the amount of erosion increased as exposure duration increased.
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This chemical change is commonly linked to the crystallization pressures
generated by the development of salts (ettringite, gypsum) that increase
with exposure duration (Helson et al., 2018).

In contrast, MAG-stabilized soil samples exposed to magnesium
sulfate solution demonstrated minimal sulfate degradation and no
apparent deterioration or surface spalling at both 60 and 120 days. Due
to the fact that mechanochemical synthesis of source material boosted
the reactivity of source materials, more gel was produced as the prin-
cipal reaction product, which filled the pore system and decreased sul-
fate attack penetration. In comparison, all CAG- stabilized soil samples
subjected to MgSO4 solution proved to be damaged severely, with the
corroded layer spalling, and cracks appearing around the edge. This

0 days

60 days

120 days

CAG-100S

CAG-758

CAG-508 CAG-0S

Fig. 9. The visual appearance of CAG- stabilized soil samples exposed to 1 % MgSO, solution for 0, 60, and 120 days.
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indicates that the conventionally activated geopolymer binders were
more prone to MgSOy4 attack (Fig.10).

Mass change

Fig. 11 depicts the mass change of DSM (MAG and CAG) samples
stored at room temperature. The results showed that all DSM samples
exhibited mass loss when stored at ambient temperature for up to 120
days. The DSM samples lose weight over time due to the evaporation of
water present in the sample during ambient curing. However, the mass
loss of MAG samples was lower than that of CAG samples stored at
ambient temperature. The mass loss of MAG-100S and MAG-0S samples
was —2.29 % and —5.2 %, respectively, while it was —2.92 % and —5.8

Cleaner Materials 11 (2024) 100226

% for CAG-100S and CAG-0S samples after 120 days. Mechanochemical
activation enhanced the geopolymer binder’s surface area and reac-
tivity, resulting in more gel filling the pore system and preventing water
evaporation, resulting in weight retention over time. On the other hand,
the percentage of mass loss decreases as the GGBS content increases, as
seen in Fig. 11. The weight reduction was —5.8 %, —3.77 %, —3.19 %,
and —2.92 % for CAG samples with FA contents of 0 %, 50 %, 75 %, and
100 %, respectively, at 120 days. The high porosity of FA particles
causes significant mass loss in DSM samples containing a high propor-
tion of FA (see Fig. 7d). Gopalakrishnan and Chinnaraju, (2019) found
that geopolymer samples containing full GGBS had a lower mass loss
under ambient curing than samples containing 100 % FA.

0 days

60 days

120 days

MAG-100S

MAG-758

MAG-50S MAG-0S

Fig. 10. The visual appearance of MAG-stabilized soil samples exposed to 1 % MgSO,4 solution for 0, 60, and 120 days.
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Fig. 11. Mass change of MAG and CAG- stabilized soil specimens stored at ambient temperature.

The mass change percentages of MAG and CAG-stabilized soil sam-
ples with various ratios of GGBS to FA subjected to magnesium sulfate
solutions are depicted in Fig. 12. At the same immersion period, it was
observed that the CAG-stabilized soil had more mass change than the
MAG-stabilized soil. After 120 days of exposure to magnesium sulfates,
the mass changes of MAG-50S, MAG-75S, and MAG-100S samples were
+ 0.3 %, +0.75, and 16 %, respectively, while their CAG counterparts
were + 0.75 %, +0.1, and —0.87 %. (Fig. 12). The different performance
in mass between CAG and MAG was due to the difference in the acti-
vation method of geopolymer binder, where mechanochemical synthesis
processing enhanced the surface area and reactivity of geopolymer
binder and led to the development of more gel as the primary reaction
product (Abbas et al., 2022), which lowered the porosity and raised the

density of MAG-stabilized soil (Hamid Abed et al., 2022c), thereby
reducing the penetration of magnesium sulfate into the pore structure of
the MAG sample, resulting in increased resistance to sulfate attack
compared to CAG stabilized soil.

Notably, the sample containing 100 % FA, regardless of geopolymer
type (MAG-0S and CAG-0S), exhibits a significant decrease in mass at 60
days, while the mass fully disintegrates after 120 days of exposure to
magnesium sulfate (Fig. 12). Conversely, DSM samples gain mass after
soaking in magnesium sulfate solution when GGBS replacement exceeds
50 %, and this mass gain increases with exposure duration (except the
CAG-50S mix shows a drop in mass after 60 days). The observed mass
gain in the soil samples could be ascribed to the chemical reaction be-
tween the sulfate ions present in the solution and the cementitious
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Fig. 12. Mass change of MAG and CAG- stabilized soil specimens exposed to 1% MgSO, solution.
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elements in the soil, including C-S-H, C-A-H, CA-S-H, and Ca (OH),. This
reaction leads to the formation of ettringite, thaumasite, and gypsum,
which can increase the mass of the soil samples (Jiang et al., 2018). The
formation of these sulfate minerals is associated with the consumption of
calcium hydroxide and the subsequent depletion of this key component
in the soil matrix. This chemical reaction can also lead to the formation
of internal cracks in the soil matrix, which can further contribute to the
observed mass gain (Tian and Cohen, 2000). Moreover, solution ab-
sorption into large voids interconnected in stabilized soils causes mass
gain. This behaviour is consistent with Indu Siva Ranjani and Ram-
amurthy, (2012) findings about foam concrete. It is important to note
that exposed samples containing 100 % GGBS experience less mass
change than exposed samples containing 50 % and 75 % GGBS due to
the lower density of FA relative to GGBS and the pores arising from
unreacted FA particles. In contrast, the low mass change of specimens
containing 100 % GGBS might be attributed to the higher fineness of
GGBS, resulting in low porosity and high density, inhibiting magnesium
sulfate solution absorption (Elyamany et al., 2018).

Strength loss

The residual unconfined compressive strength (UCS) of DSM speci-
mens subjected to MgSO4 solution for 0, 60, and 120 days is seen in
Table 5 and Fig. 13. The results revealed that the residual UCS of DSM
samples dropped when exposed to magnesium sulfate, and the rate of
reduction increased as exposure time increased. The residual UCS-
exposed MAG-100S and CAG-100S samples were 83 % and 79 % for
60 days, whereas more declined to 65 % and 60 %, respectively, after
120 days of immersion. The reduction in UCS of the DSM sample sub-
jected to magnesium sulfate solution may be ascribed to the expansion of
ettringite, thaumasite, and gypsum over time, which led to the forma-
tion of internal cracks within the soil. This remark is in accord with the
findings of Bakharev, (2005), who demonstrated that the loss of strength
in geopolymer materials when exposed to sulfate solutions is primarily
due to the formation of internal cracks during immersion, mainly caused
by the diffusion of Ca®" into the sulfate solution. Regarding the acti-
vation method, the results indicate that the mechanochemical synthesis
of the geopolymeric binder significantly affected the residual UCS values
of geopolymer-stabilized soil samples after exposure to magnesium
sulfate. As shown in Fig. 13, the residual UCS of MAG-50S, MAG-75S,
and MAG-100S were 72 %, 25 % and 10 % higher than the counterparts
of CAG-stabilized soil samples. It can be revealed that MAG samples
performed better than CAG samples under magnesium sulfate attack due
to the mechanochemical synthesis process of the geopolymeric binder,
which reduced the particle size and increased the surface area of geo-
polymeric particles, thereby decreasing the porosity and raised the
density of the geopolymeric binder. The low porosity of the MAG sam-
ples makes ionic species migration via the pore structure difficult and
results in the least amount of deterioration during the test period. Also,
the geopolymerization reaction rate of the MAG binder rose dramati-
cally after grinding due to the development of more aluminosilicate gel
in the mixture, which led to the creation of a more resistant structure
against sulfate attack (Hamid Abed et al., 2022c). In addition, the
increment in GGBS content substantially impacted the residual strength
properties of geopolymer-stabilized soil specimens exposed to magne-
sium sulfate. The results revealed that DSM samples containing 100 %
FA (regardless of geopolymer binder type) had no residual UCS (fully
damaged), in contrast to specimens including 75 %-100 % GGBS, which
had a higher UCS (Fig. 13). The residual compressive strengths for MAG-
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50S, MAG-75S, and MAG-100S samples were 40 %, 68 %, and 65 %
when exposed to MgSO4 solution for 120 days, respectively. The results
indicated that samples with 75 % GGBS content demonstrated superior
mechanical performance and durability resistance, while samples with
100 % GGBS content showed better durability resistance than those with
50 % GGBS content. Zhuang et al., (2016) observed that geopolymer
samples with high FA content experienced significant degradation when
exposed to MgSO, solutions as a result of the migration of Na' ions,
which caused the formation of vertical cracks in the geopolymer
mixture. Previous studies by Bonen and Cohen, (1992) and Nochaiya
et al., (2010) have suggested that another potential explanation for this
degradation is the migration of S and Mg from the magnesium sulfate
solution into the matrix and the migration of Ca and alkalis from the
interior of the sample to its surface. This migration can lead to the
destruction of silicon-oxygen-silicon bonds in the aluminosilicate gel
structure. As a result, sodium aluminium silicate hydrate (N-A-S-H) gels
interact with MgSO4 to produce magnesium aluminium silicate hydrate
(M—A—S—H) gels with low strength. Despite the high CaO content in the
MAG-100S and CAG-100S samples, these mixes exhibited a lower per-
centage of expansion compared to FA samples. This could be due to the
consumption of CaO during the geopolymerization processes and hy-
dration, resulting in a dense gel and strong cross-linked networks that
reduce voids and fill pores in the gel. However, Gypsum crystals were
also produced in MAG-100S, and CAG-100S stabilized soil specimens,
which promote expansion but have a lower voids ratio than FA mixtures
(Elyamany et al., 2018).

Ultrasonic Pulse velocity changes

Fig. 14 shows the variation in UPV for MAG and CAG-stabilized soil
specimens after 0, 60, and 120 days of exposure to magnesium sulfate.
Those results showed that the UPV measurements decreased with
increasing exposure time to the MgSQO4 solution. The UPV values of CAG
and MAG samples decreased by 16 % and 4 %, respectively, after 60
days of immersion in a sulfate solution, with further deterioration of 29
% and 25 %, after 120 days. UPV loss over time can be linked to the
presence of micro-cracks caused by the development of ettringite and
gypsum in the pores, as well as the migration of alkalis from geo-
polymers into the pores solution (Elyamany et al., 2018). This pattern is
comparable to those found in earlier studies (Bakharev, 2005; Thok-
chom et al., 2010). As revealed in Fig. 14, the method of activation
(mechanochemical processing) substantially impacted the UPV changes
of MAG samples exposed to MgSO4 solution. Those results demonstrated
that MAG samples had a lower reduction in UPV values than CAG-
stabilized soil specimens after 60 and 120 days of exposure to magne-
sium sulfate. For instance, The UPV values of MAG-50S, MAG-75S, and
MAG-100S fell by 29 %, 22 %, and 25 % when exposed to magnesium
sulfate for 120 days, whereas the UPV values of their CAG counterparts
decreased by 41 %, 26 %, and 29 %. In other words, MAG specimens
exhibited better magnesium sulfate resistance than CAG specimens. The
high magnesium sulfate resistance of MAG-stabilized soil specimens was
due to the mechanochemical activation, which increased the surface
area and reactivity rate of the geopolymer binder, as well as the gen-
eration of more gel as the primary reaction product. This led to a
reduction in porosity and an increase in density, resulting in a reduction
in sulfate attack on MAG-stabilized soil specimens and a slight reduction
in UPV (Hamid Abed et al., 2022b).

On the other hand, the increase in GGBS content played a crucial
essential in minimizing the drop in UPV value of DSM samples subjected

Table 5
Residual unconfined compressive strength (%) of MAG and CAG-stabilized soil specimens exposed to 1% MgSO, solution.
Exposure time (days) MAG-100S MAG-758 MAG-508 MAG-0S CAG-100S CAG-75S CAG-50S CAG-0S
0 100 100 100 100 100 100 100 100
60 83 85 69 0 79 77 67 0
120 65 68 44 0 60 54 23 0
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Fig. 14. Ultrasonic pulse velocity of MAG and CAG- stabilized soil specimens exposed to 1 % MgSO4 solution for 0, 60, and 120 days.

to the MgSO4 solution. The results indicated that samples with high
GGBS content demonstrated the best mechanical performance and
durability resistance, in contrast to the mixtures with high FA content
showed low durability resistance. Fig. 14 shows that the UPV values of
CAG-50S, CAG-75S, and CAG-100S dropped by 40 %, 26 %, and 29 %,
respectively, when subjected to a sulfate solution for 60 days. The
presence of 75 % GGBS results in the development of more compacts and
an increase in the density of mixes, which decreases the void ratio and
sulfate penetration due to the formation of extra geopolymerization
products. This result is in agreement with the findings of earlier re-
searchers (Garcia-Lodeiro et al., 2011; Deb et al., 2014; Elyamany et al.,
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2018). Moreover, the unreacted fine GGBS particles act as reinforcing
agents. This fills the geopolymer matrix, enhances mechanical strength,
and reduces porosity (Al-Majidi et al., 2016). Elyamany et al., (2018)
studied the effect of binder type on geopolymer mortar MgSO4 resis-
tance. The findings revealed that FA mixes have the lowest residual
compressive strength because they have the highest voids ratio
compared to other geopolymer mixtures, allowing MgSO4 solution to
penetrate the pores of the specimen.

FTIR spectroscopy
The FTIR spectra in Fig. 15 show the changes in the chemical
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Fig. 15. FTIR spectra of MAG and CAG-stabilized soil control (unexposed) specimens compared to specimens exposed to MgSO, solutions for 120 days.

composition of the surface layer of DSM (MAG- and CAG) specimens
when exposed to MgSO4 solution. The spectra obtained from the inner
sections of the specimens exposed to the sulfuric acid solution were
compared to the spectra of the control specimens that were not exposed
and were kept at ambient temperature. The control DSM specimens
displayed a sharp peak at 1000 cm™}, which is ascribed to asymmetric
stretching of T-O bonds, where T can be either Al or Si. Additionally, a
shoulder was observed at around 850-880 cm !, associated with M—O
vibrations (K). The bending and stretching vibrations of water were
identified by a broad peak centred at around 1425 cm™! (Gao et al.,
2013).

After exposing the DSM specimens to MgSO,4 solution, only minor
changes were observed in the spectra. The only noticeable change was
the increased intensity of the peak at 1000 cm ™! without any shift in its
position. Findings akin to these were also described by (Kwasny et al.,
2018). The increased intensity of the main band at 1000 em ! may be
attributed to the magnesium sulfate attack raising the Si/Al ratio due to
aluminium elimination from the binder (Burciaga-Diaz and Escalante-
Garcia, 2012). Bernal et al., (2012) found that the degree of a shift to
higher wavenumbers in the infrared spectra of cement paste was related
to the degree of structural damage to the binder, which was caused by
exposure to acid attack. Specifically, as the degree of acid attack
increased, the peak associated with the symmetric stretching of Si-O-Si
shifted to higher wavenumbers, indicating a decrease in the Si-O-Si
bond length due to the dissolution of the C-S-H gel. This shift was pro-
portional to the degree of structural damage to the exposed samples. As
seen in Fig. 15, MAG-75S samples exhibited no noticeable change in the
spectra before and after exposure to the MgSO4 attack environment,
indicating that the MAG-75S samples maintained the original structure.
Thus, the mechanochemical synthesis of geopolymer binder at 75 %
GGBS substitution exhibited greater magnesium sulfate resistance.

Conclusions

In this study, a comparison was made between the mechanical and
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durability performance of the stabilized clayey soil with mecha-
nochemically activated geopolymer and conventionally activated geo-
polymer. Geopolymer-stabilized soil samples were submerged in a 1 %
magnesium sulfate solution. The effect of GGBS content on the long-term
durability characteristics of geopolymer-stabilized soil was examined.
The appearance, unconfined compressive strength (UCS), and mass
changes of the samples were evaluated for their resistance to sulfate
degradation.

e The UCS of the MAG-stabilized soil was 12-45 % higher than that of
the CAG-stabilized soil. Moreover, the UCS of geopolymer-stabilized
soil rose 114 %-361 % when GGBS content increased from 50 % to
100 %.

e The MAG-stabilized soil exhibits less mass change than the CAG-
stabilized soil after 120 days of exposure to magnesium sulfate.
This is attributed to mechanochemical activation, which increased
the geopolymer binder’s surface area and reactivity, leading to the
filling of the pore system and inhibiting the penetration of magne-
sium sulfate. Furthermore, samples containing 100 % GGBS exhibi-
ted a lower mass change compared to those with 50 % and 75 %
GGBS.

e The residual UCS of geopolymer stabilized soil decreased gradually

with the increase of immersion age; the residual UCS for MAG-100S

and CAG-100S specimens were 93 % and 89 % when exposed to 1 %
magnesium sulfate solution for 60 days, whereas more declined to

70 % and 58 % respectively, after 120 days of immersion.

The residual UCS of MAG-stabilized soil samples was 19-91 % larger

than that of CAG-stabilized soil samples. In addition, the residual

strength of geopolymer-stabilized soil specimens gradually increases
as GGBS content increases. After 120 days, specimens containing

100 % FA had no residual UCS (fully damaged), whereas mixtures

containing 100 % GGBS had a higher residual UCS.

The FTIR spectra of MAG-100S and MAG-75S samples showed no

significant changes after exposure to magnesium sulfate, indicating

the maintenance of the original structure. It is revealed that the



M. Hamid Abed et al.

mechanochemical synthesis of the geopolymer binder at 75 % and
100 % GGBS substitution demonstrated greater resistance to mag-
nesium sulfate.
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