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In this study, mechanochemical activation was used both to increase the reactivity of a one-part
geopolymer during ambient curing and as an alternative activation technique to overcome the
difficulties associated with conventional two-part geopolymers. The mechanochemical grinding
of raw materials of varied compositions in a solid-state resulted in the synthesis of ready-to-use
geopolymeric precursors, which with just the addition of water, resulted in the development of
eco- and user-friendly geopolymer grout. In addition, conventionally activated geopolymer grout
and ordinary Portland cement (OPC) grout were investigated for comparative purposes. Four rice
husk ash (RHA) replacement ratios were used (0%, 10%, 20%, and 30% by the total precursor
weight) to investigate the feasibility of using RHA as a partial precursor in slag-based mecha-
nochemically activated geopolymer (MSG) grout. A series of tests were examined, such as
rheological behavior (flow curve response, yield stress, and plastic viscosity), fresh properties
(setting time and bleeding capacity), mechanical characteristics (unconfined compressive
strength, ultrasonic pulse velocity), and microstructure analysis (scanning electronic microscopy,
X-ray Diffraction). The experimental results showed that the rheological characteristics and fresh
properties of MSG grouts were considerably enhanced in terms of groutability when slag was
replaced with 0-30% RHA. In addition, the mechanical characteristics increased with the
increased partial replacement of slag with RHA up to 20% and decreased beyond that. In terms of
activation mechanism, the mechanochemical activation technique reduced the rheological
characteristics and fresh properties while the strength increased by 18% compared to the con-
ventional activation method. Microstiuctural analysis revealed the existence of more unreactive
particles in both conventionally activated geopolymer and MSG grout containing 30% RHA. The
results also confirmed that MSG grouts had a shorter setting time and more stable bleeding ca-
pacity than OPC grout.
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1. Introduction

Grouting is one of the most efficient methods for improving soil based on stability and deformation issues, filling cracks and voids to
prevent water seepage, and resolving building differential settlement problems [1-4]. Grouting materials should have the advantages
of low viscosity, high fluidity, high mechanical strength, low cost, and greening the environment [5]. Ordinary Portland Cement (OPC)
is the most widely used construction material in contemporary construction engineering, and its annual demand is anticipated to reach
3.68-4.38 Gt by 2050 [6,7]. However, the production of OPC is associated with many environmental issues, such as the consumption
of 5% of natural resources and the generation of 5-7% of total global anthropogenic carbon dioxide emissions [8-11]. These negative
effects on the environment and natural resources have prompted numerous researchers to develop an environmentally friendly
alternative cementitious material. Geopolymer, a three-dimensional (3D) amorphous inorganic aluminosilicate compound, is a
promising material with considerable potential to be used as an OPC alternarive. These geopolymers are typically produced by the
geopolymerization of cost-effective aluminosilicate precursors and alkali activators, primarily alkaline hydroxide and silicate. Slag, a
byproduct of pig iron production in steel plants that shows high mechanical strength and good durability in corrosive environments, is
a common calcium aluminosilicate solid waste material that is widely used in geopolymer [12-17]. However, the sticky, caustic, and
user-hostile activator solutions make applying the conventional (two-part) geopolymer impractical. Replacing this conventional
activation method is essential to promote the widespread commercialization of geopolymeric materials because it is not a user-friendly
process. The dissolving of sodium hydroxide in water is an exothermic reaction that produces a highly hazardous alkaline solution.
One-part geopolymers are suggested to address several drawbacks associated with conventional (two-part) geopolymer binder designs.
One-part geopolymers are synthesized using a combination of solid aluminosilicate precursors and alkaline activators. Different
synthesis approaches to creating one-part geopolymer material have been proposed or reviewed [7,18-20].

Coppola et al. [21] reported that the durability resistance of one-part alkali-activated slag-based (AAS) mortars increased as the
alkali content increased. Li et al. [22] investigated the rheology behaviors of one-part alkaline activated pastes prepared with a solid
sodium water glass as the activator and compared them with those of OPC paste. The results showed that the plastic viscosity of the
one-part alkali-activated pastes was much higher than that of OPC paste with a similar flow value, but it was also shown that the yield
stress of OPC paste was much higher. Nevertheless, the studied one-part systems are commonly dominated by crystalline tectosilicates
(zeolites), and the reported strength performance is typically inferior to that of conventional two-part geopolymers [20,23-26]. Ren
et al. [27] studied the various properties of one-part alkali-activated slag (AAS) binders and two-part control samples. Based on the
results of the one-part AAS, the hardening time was significantly prolonged and the later compressive strength was decreased (from 28
days). Additionally, less C-A-S-H gels were present, and the material was more susceptible to efflorescence. Furthermore, one-part
geopolymers are almost exclusively researched in heat curing, which restricts their potential application sectors to those in which
heating is not permitted (e.g., grouting, in situ building materials, rendering, restoration, etc.) [28]. Thus, mechanochemical activation
is adopted in this study to enhance the reactivity of a one-part geopolymer during ambient curing and to serve as an alternative
activation mechanism for overcoming the limits of traditional two-part geopolymers.

Mechanochemical activation is a method for manufacturing geopolymers via an innovative solid-state chemistry mechanism that
involves co-grinding small particles of solid matter to create molecular, reactive, dense, and amorphous aggregated composite particles
[29]. It requires solid binders, such as aluminosilicate source and alkaline activators, which are combined in a ball mill, and, as such,
require only water to commence the geopolymerization process [30]. The intense grinding or milling process can introduce defects and
electrostatic charges onto the surface of the particles, increasing the surface energy and causing crystalline to amorphous phase
changes [31,32] and activated particle agglomeration [33]. Furthermore, mechanical activation can increase reactivity and improve
the geopolymerization rate [34,35]. The mechanochemical approach is used in this research to ease the utilization of geopolymer
materials and serve as an alternative activation technique for addressing the drawbacks of traditional geopolymer activation. Limited
investigations have addressed the performance of geopolymer activated by the mechanochemical activation method. Kushwah et al.
[36] developed a solid form of geopolymeric material by ball-milling aluminosilicate precursors with dry chemical activators. The
geopolymeric precursors were made by initiating a reaction between an alkaline solution and alumina-silicates sources. The results
indicated that the effect of ball-milling duration was significant from 2h to 6h, and the strength was considerably enhanced; however,
the strength was negatively reduced when the grinding duration was higher than 6h (8, 10, and 12h). Mukhtar et al. [37] compared the
rheological and mechanical properties of the mechanochemical activation method and its counterpart, conventional activation. The
results demonstrated that the activation via the mechanochemistry approach significantly enhanced the mechanical properties of
geopolymer grout compared to conventional activation. Hosseini et al. [30] indicated that mechanochemical activation enhanced the
dispersion of bottom ash-fly ash particles, altered the NasSiO3 and aluminosilicate reaction kinetics, intensified the interconnectivity of
geopolymer structure, and decreased pore size; thus, the compressive strength significantly increased between 60% and 80%. Gupta
et al. [29] reported that the mechanochemical reactions between fly ash precursor and NaOH in the dry state considerably improved
the mechanical performance of geopolymer systems.

Previous studies only focused on fly ash and slag-based-mechanochemical geopolymer; however, other waste materials such as
glass powder, rice husk ash, metakaolin, etc. remain unexplored. Therefore, this study focuses on the influence of rice husk ash
replacement on the performance of mechanochemically activated slag-based geopolymer grout. Mukhtar et al. [23] examined the
effect of mechanochemical activation on the rheological parameters of a one-part geopolymer grout. The results revealed that the
initial apparent viscosity of mechanochemical activation of one-part geopolymer grout was approximately 59% higher than that of
samples of one-part geopolymer grout under identical conditions. Wang et al. [38] also reported that the workability and fluidity of
one-part fly ash/slag-based geopolymer were improved through mechanical activation.

Rice husk is an abundantly available agro-waste product, with an annual worldwide output of 70 million tons [39,40]. Rice husk
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ash (RHA) is produced by the controlled incineration of rice hulls and consists of 85-95 wt% amorphous silica [20,39]. The improper
disposal of RHA generates several environmental issues, such as the formation of ash lands, air pollution, and water contamination, all
of which are hazardous to human health [41-43]. Therefore, it should be a priority to find sustainable solutions to use this ash rather
than dispose of it in landfills. In the previous decade, various research has been conducted to employ RHA as a supplemental
component of OPC or sand for mortar or concrete as a silica source, filler material, and precursor in geopolymers [44]. Meja et al. [45]
assessed the feasibility of using an agro-industrial byproduct, RHA, as a replacement for commercial sodium silicate. The results
showed that the RHA may be used to produce alkali-activated materials with 42 MPa at 7 days. The study also confirmed that both
amorphous silica and a portion of the crystalline silica included in RHA participate in the alkaline activation process provided that the
alkalinity is attentively controlled. Luukkonen et al. [46] investigated whether fast-dissolving solid synthetic sodium metasilicate
could be substituted with sodium hydroxide and slow-dissolving silica produced from RHA in the preparation of alkali-activated slag
mortar. The results indicated that the availability of silica considerably influences the development of compressive strength as a
function of time or mixture composition.

Liang et al. [47] examined the strength development, thermal stability, and microstructures of metakaolin-RHA based geopolymers
in which RHA partially replaced metakaolin up to 40%. The findings showed that RHA particles worked as pore-fillers, hence enriching
gel phases, which exhibited superior thermal stability compared to OPC paste. Zhu et al. [48] studied the effect of RHA content on the
waterproofing and microstructural characteristics of an ultrafine fly ash-based geopolymer. These results highlighted how the specific
honeycomb-hole influence and active silicon oxide brought by rice husk ash result in the structure densification and decrease the
presence of calcium hydroxide and contribute to the creation of gel, which would significantly lead to the enhancement of the
waterproofing property. Sturm et al. [20] created one-part geopolymers from RHA and sodium aluminate. The results reveal that RHA
is highly reactive and can produce an exemplary geopolymer gel with higher compressive strength than is typically observed for
one-part geopolymers. Celik and Canakci [49] studied the fluidity and rheological characteristics of cement-based grout combined
with RHA. The test findings demonstrated that increasing the RHA replacement rate increases plate cohesion, plastic and apparent
viscosity, marsh cone flow time, and yield stress while decreasing the diameter of the mini-slump. Istuque et al. [50] assessed the
compressive strength performance of alkali-activated mortars, finding that using RHA as a silica source to generate sodium silicate
suspensions which are then utilized as chemical activators conferred greater sustainability to these systems.

The current research aimed to develop mechanochemically activated geopolymeric grout with an environmentally and more user-
friendly approach. Current geopolymer synthesis methods primarily address the limitations of conventional geopolymerization
techniques. In addition, in this study the effects of RHA replacement on the performance of mechanochemical geopolymer grout were
also investigated. Rheological properties (flow curve response, yield stress, and plastic viscosity), fresh characteristics (setting time and
bleeding capacity), mechanical characteristics (unconfined compressive strength, ultrasonic pulse velocity), and microstructure
analysis (scanning electronic microscopy) were tested for all the examined types of grouts.

2. Experimental work

2.1. Materials

This study used slag and rice husk ash (RHA) to produce the mechanochemical geopolymer. The slag is procured from the iron and
steel industry (Iskenderun Iron and Steel Plant in Hatay province-Turkey), and the RHA is obtained as commercial waste material from
a rice manufacturing factory in Edirne, Turkey. RHA is produced by burning rice husks at temperatures between 500 and 600 °C. The
RHA that passes through the 150 pm sieve was adapted for mechanochemical activation. Also, CEM 1-42.5R Portland cement per ASTM
C150 was used to produce Portland cement grout for comparison purposes. The alkaline activators utilized in this investigation were
sodium hydroxide (98% purity) and sodium silicate, both of which were purchased from AS Kimya Co, (istanbul, Turkey). The ratio of
sodium metasilicate powder (Na,SiOs-Penta) to sodium hydroxide is 0.5. Table 1 summarizes the physical and chemical properties

Table 1
Physical and chemical properties of OPC, slag, RHA, and NaoSiOs.

Constituent (%) OPC Slag RHA (NasS8iOs-Penta) Powder

a) Chemical composition

Ca0 62.58 34.19 1.38

AlOs 5.31 10.6 0.1

Si05 20.25 40.42 91.6 28
Fes03 4.04 1.28 0.64

MgO 2.82 7.63 -

S04 2.73 0.68 0.21

K20 0.92 0.0128 5.14

Na,O 0.22 — 29
Loss on ignition 4.4 — 5.43 -
Modulus ratio

H,0 43

b) Physical properties

Specific gravity 3.15 2.9 1.97
Specific surface (m2/kg) 326 565 1060
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characteristics of the OPC, precursor components (slag and RHA), and Na,SiOs.

2.2. Mechanochemical geopolymer preparation

In this study, the mechanochemical activation (co-grinding NaOH, sodium metasilicate, slag, and RHA for 2 h) was carried out in an
80 kg ball mill equipped with 12 balls with a diameter of 45 mm and a mass of 400 g. During the co-grinding process, the particles of
source materials are trapped between the balls and chamber walls and subjected to continuous impact and milling; the collision
between the tiny rigid balls in a container generates localized high pressure. This results in a decrease in particle size, an increase in
specific surface area, a decrease in crystallinity, a change in the mineralogical composition, and an increase in the amorphous phase.
After that, the obtained geopolymeric precursors are mixed with faucet water to create MSG grout. It is worth noting that the grinding
period for the geopolymeric precursors was set at 2 h based on previous studies [28,36,37,51]. In this study, the specimens’ names
(RHO-MSG, RH10-MSG, RH20-MSG, and RH30-MSG) are denoted with specific codes. The labels RH and MSG represent rice husk ash
and mechanochemically activated slag-based geopolymer, respectively, and the numbers’0,” ‘10,” ‘20,” and ‘30’ indicate the per-
centage of rice husk ash content in the slag-based mechanochemically activated geopolymer by weight. For comparison, conven-
tionally activated slag-based geopolymer (CSG) grout (to examine the effect of the activation method) and ordinary Portland cement
grout were prepared.

Regarding CSG preparations, NaOH beads were calculated and weighed at a molarity of 3.75 and dissolved in faucet water. An
exothermic reaction occurred during the mixing time, and the NaOH solution became extremely hot. Because of this, the liquid was
kept at room temperature before use until chemical equilibrium was achieved; after the sodium hydroxide liquid cooled down, the
NaySiO; was added. In general, the alkali activator solution was prepared at least one day before mixing the CSG ingredients. The alkali
solution was then mixed with slag to synthesize CSG grout. Also, OPC was mixed with water (the same water amount used to prepare
MSG grout at 3.75 M) to produce OPC grout for comparison purposes. The mix proportions of all studied mixes are summarized in
Table 2.

2.3. Testing methods

All grout mixtures were prepared in the laboratory at a temperature of 23 + 3 °C. Rheological experiments were conducted in
accordance with [52] utilizing a rational viscometer (proRheo R .180). The grout mixtures were unable to produce flow responses at
shear rates less than 500s~! during the viscometer trials. Thus, shear rates ranging from 500s '-1000s ! (Fig. 1) were used to
investigate the flow responses of shear stress and apparent viscosity of grout [53-55]. All shear rates were maintained for a duration of
15s in order to achieve an equilibrium condition in a total of 120s for each mixture.

The flow curves of shear stress and apparent viscosity vs. shear rate were determined for both portions (descending and ascending).
Markedly, the ascending portion of data was considered in this research since their trend lines correspond to an undisturbed condition
[56-59]. In the rheological curves of nonlinear response, the dilatant (shear-thickening) behavior appears when the viscosity increases
as the shear rate rises. In contrast, if viscosity decreases as the shear rate build, the flow exhibits pseudoplastic (shear-thinning)
behavior [57]. In this research, a modified Bingham model was used to determine the yield stress and plastic viscosity based on
previous investigations [56,57,60], as described in Eq (1):

T=7Tq + 7 + ¢ (6))

Where, 7 is shear stress (Pa), 1o is the yield stress (Pa), y;, is the plastic viscosity (Pa.s), and C is a constant. In the modified Bingham
model, the ratio of the second-order term to the linear term could be used to characterize a nonlinear response, indicating shear
thickening, shear-thinning, and the Bingham model for C > 0, C < 0, and C = 0, respectively [61-63].

Regarding fresh properties, the setting time was measured by conducting Vicat needle tests in accordance with ASTM C191-19 [64]
recommendations. According to ASTM C940-16 [65], bleeding capacity tests were conducted to show the grout stability. The fresh
grout was placed in a 1000 mL graduated cylinder for 120 min. The volume of bleed water was then measured every 30 min till the end
of the observation period.

Table 2
Mix proportions of grout.
Mix ID Weight: % Weight: (g)
Slag RHA NaOH OPC NasSi03% Grinding Slag RHA NaOH NasSiOs OPC Water
% % % % duration:h (g) (g) (g) (2) (2 (2)
RHO- 85 0 10 - 5 2 850 0 100 50 - 750
MSG
RH10- 75 10 10 - 5 2 750 100 100 50 - 750
MSG
RH20- 65 20 10 - 5 2 650 200 100 50 - 750
MSG
RH30- 55 30 10 - 5 2 550 300 100 50 - 750
MSG
CSG 85 0 10 - 5 - 850 0 100 50 - 750
OPC - - - 100 - - - - - - 1000 750
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Fig. 1. The shear rate protocol was used to draw the flow curves.

In order to obtain mechanical characteristics, the fresh grout was cast into cylindrical molds with a height of 100 mm and diameter
of 50 mm to examine the unconfined compressive strength (UCS) for geopolymer grouts in accordance with standards [66,67]. The
grout specimens were kept at room temperature for 7 days and 28 days. Before conducting the UCS tests, the samples were utilized to
determine the wave velocity using ultrasonic pulse velocity (UPV) [68]. The magnitude of UPV measurements can be interpreted by
somie categorizations given in past work [69] (Table 3). The bulk density of grout specimens was also estimated during the testing. The
bulk density measurement was obtained by measuring the mass and dimension of the samples. The Particle size distribution was
evaluated using a Malvern Mastersizer 2000 laser particle size analyzer. This test was conducted on raw RHA and slag, in addition to
co-grinding RHA and slag with solid chemicals (sodium hydroxide and sodium metasilicate). A ZEISS Gemini SEM 300 was used to
perform a scanning electron microscopy (SEM) examination on raw RHA and slag powder, as well as co-grinding RHA and slag with
solid chemicals, in order to examine the changes in the microstructure caused by the mechanochemical activation mechanism. After 28
days, SEM analysis was also conducted on hardened geopolymer grouts (MSG and CSG) to assess the influence of the activation method
and RHA substitution. The samples for SEM analysis were taken from the broken particles of the specimens which were tested under
UCS and then covered with gold coatings for accurate SEM imaging. The sample sizes were around 20 mm in diameter and 10 mm in
height. X-ray diffraction (XRD) was employed to qualitatively assess the crystalline structure of each geopolymeric precursor before
and after mechanochemical activation and hardened geopolymer grout.

3. Results and discussions

3.1. Particles size analysis

The particle size is considered the primary factor controlling rheological and mechanical characteristics variance. The particle size
distribution of RHA and slag before and after mechanochemical activation is shown in Fig. 2. The d50 (mean size) of raw RHA and slag
was 34 pm and 22 pm, respectively, whereas the mean size of RHA and slag diminished to 23 pm and 15 pm, respectively, after 2 h of
grinding in a ball mill with sodium hydroxide and sodium metasilicate, as shown in Fig. 2.

Scanning electron microscopy analysis (SEM) shows the microstructural approximation of slag and RHA precursors before and after
mechanochemical activation. As shown in Fig. 3a, the raw slag particles are non-uniform and heterogeneous, with sub-rounded to
angular forms for the material components. The roughness and edges were observed in both the angular and bulk particles [70]. As
shown in Fig. 3b, most raw RHA particles have an irregular shape, are amorphous, and have high porosity.

Fig. 3c and d shows the microstructural analysis of the mechanochemical activation of slag and RHA precursors obtained after 2h of
co-grinding in the presence of chemical powder (NaOH and sodium metasilicate). After co-grinding, the slag and RHA particles were
coated with solid chemical powder (NaOH and Na;SiOs), which also reduced the average size of the precursors and solid chemicals
(Fig. 3c and d). Nonetheless, the slag and RHA particles still develop angular and slightly deformed shapes after mechanochemical
grinding. Furthermore, the surface area of the particles clearly increased during mechanochemical activation and resulted in a higher

Table 3
UPV classification [69].
UPV (m/s) <2500 2500-3500 3500-4000 4000-5000 >5000
Definition Very low velocity Low velocity Middle velocity High velocity Very high velocity
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Fig. 2. Particle size distribution of RHA and slag before and after mechanochemical activation.

reaction rate of the geopolymeric precursors. Additionally, initial bonding between the particles was observed (Fig. 3d) due to the
addition of NaOH and sodium metasilicate, which might reflect the MSG powder’s adhesive nature. However, the influence of ball
milling of all raw materials resulted in increased amorphousness and formation of the geopolymeric precursor [29]. Mukhtar et al. [37]
reported that grinding of fly ash and slag with NaOH and sodium metasilicate for 2 h resulted in the formation of cracks and defects,
which augmented the surface roughness of the surface the particles and conferred increased reactivity to the geopolymeric precursors.

The XRD patterns have been adopted to assess the effect of co-grinding of geopolymeric precursors before and after mechano-
chemical activation, as presented in Fig. 4. Before co-grinding, the raw slag-based geopolymer (RHO0-SG) precursor has a vitreous
structure with an amorphous nature as eminent from a hump around 28°-33° (28 value) with a peak position at 30°. Also, crystalline
phases are represented in Fig. 4 by sharp peaks composed primarily of akermanite, gehlenite, calcium silicate, and merwinite, as seen
by the steep peaks reported between 20 = 15° and 20 = 90° [71,72]. After co-grinding, the peak intensity of the co-grinded RHO-MSG
precursor is more attenuated than the raw RHO-SG precursor (Fig. 4), implying that the erystalline phases of the slag have amorphized
as a result of the mechanochemical grinding with NaOH and sodium metasilicate. The mechanochemical activation increased the
disorder and surface area and stimulated the reaction between the raw powders [29].

3.2. Rheological behavior and responses

The flow curves of grout mixes are shown in Fig. 5. Also, the dilatant index values (i.e. coefficient C) are summarized in Table 4. All
the grout mixtures exhibited a shear thickening behavior (C > 0). In other words, apparent viscosity increased with the rise in the shear
rate of grout, as illustrated in Fig. 5.

The experimental results showed that the substitution of slag with RHA considerably affected the rheological behavior of MSG
grout. As shown in Fig. 5, the shear stress and apparent viscosity of MSG grout reduced as the RHA content increased. This behavior is
most likely caused by the presence of active silicon oxide particles and the loose layer structure of RHA [73]. The SiO5 particles were
dissolved from the layered pore channels in RHA at the alkali activator environment, resulting in more SiO, micro-particles and empty
pore channels emerging. The pore channels provided a space for the occupation and hydration of fine slag particles and the dissolved
Si0, micro-particles acted as a filler for the whole pastes while participating in the reaction. The mutual-penetration effect sustained
under the combined action of the pore channel and the secondary filling effect was the primary cause for the refinement of pore
structure, resulting in a decrease in cumulative pore volume in the geopolymer grout [73,74]. As a result, a greater amount of water is
available for lubrication, which reduces the viscosity of the MSG mix. Meanwhile, the addition of RHA dramatically affected the
rheological behavior by increasing the SiO;/Al;05 ratio. According to Dadsetan et al. [75], increased SiO»/Al;05 ratios led to a
reduction in shear stress and apparent viscosity of geopolymer pastes. It might be due to the slower dissolution of Si and Al monomers
at ambient temperature [76]. Accordingly, Chouhan et al. [77] used RHA to develop a novel superplasticizer to address the workability
issue and reduce the viscosity of the geopolymeric binder.

In terms of geopolymer activation mechanism, the apparent viscosity and shear stress of CSG grout were higher than MSG grout; it
can be concluded that CSG grout mixtures mostly appear to produce higher magnitudes of apparent viscosity and shear stress in
comparison to MSG grout due to the high dissolution and ionization degree of MSG grout [78]. Mukhtar et al. [37] obtained similar
findings and reported that when mechanochemically activated geopolymer precursors were mixed with water, the mobility of ions and
electrical conductivity of the mechanochemically activated geopolymer grout increased, leading to an increase in the degree of
dissolution in the solution followed by a decrease in the solution’s viscosity and degree of ion hydration. Also, the magnitudes of shear
stress and apparent viscosity of the MSG grout were higher than those of the OPC grout, as illustrated in Fig. 5. This could be due to the
fact that the mechanochemical process alters the surface area and particle size of the powder; as a result, additional water is required to
cover the surface of the particles, resulting in a notable reduction in the amount of excess water in fresh grout and an increase in
responses (shear stress and apparent viscosity) [79].

3.2.1. Yield stress and plastic viscosity
The yield stress (YS) and plastic viscosity (PV) of grout types were estimated using the modified Bingham model during rheological
experiments. The YS and PV of the MSG grout gradually decreased with increasing RHA content (Table 4). The results showed that
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Fig. 3. SEM micrographs of (a) raw slag, (b) raw RHA, (c) slag -MSG, and (d) RHA- MSG.

mixtures with 100% slag (RHO- MSG) have higher YS and PV of 5.8 pa and 0.038 Pa.s, respectively (Fig. 6). The high values of both YS
and PV of RHO-MSG are attributable to the influence of particle shape and size, which control the rheological properties of the material
[80,81] as well as the accelerated chemical reaction caused by the high slag level, resulting in the creation of sodium aluminate
-silicate-hydrate alongside calcium aluminate-silicate-hydrate gels at an early stage [82]. Furthermore, the increased solidification rate
could arise from the accelerated formation of specific reactions in the mixed materials due to the release of the Ca®* jons from the slag
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Table 4
Rheological characteristics of the grout.
Mix ID coefficient C YS(Pa) PV (Pa. s)
RHO-MSG 0.00004 5.8 0.038
RH10-MSG 0.00004 5.54 0.035
RH20-MSG 0.00004 4.76 0.03
RH30-MSG 0.00004 4.2 0.027
CSG 0.00008 6.04 0.052
OPC 0.00003 6.4 0.06
8.00 0.08
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Fig. 6. YS and PV of OPC, CSG, and MSG grout.

reacting with silicates and aluminates [83,84]. Also, the incorporation of RHA into MSG grout dramatically alters the reaction products
and physicochemical interactions. The YS of RH10-MSG, RH20- MSG, and RH30- MSG grouts was reduced by 5%, 22%, and 38%, and
the PV was reduced by 9%, 27%, and 41% when compared to RHO-MSG, respectively. The presence of RHA promotes the filling of
micropores and the formation of more amorphous gel phases, resulting in a dense structure with a low water absorption value [74].
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Consequently, more water is available for lubrication, which decreases the MSG mix’s viscosity.

The results also demonstrated that the YS and PV of the OPC grout were higher than those of the MSG and CSG grout, as shown in
Table 4. The YS and PV of RHO-MSG grout are 5.8 Pa and 0.038 Pa s, respectively. In contrast, OPC grout has a YS and PV of 6.4 Pa and
0.06 Pa.s (Fig. 6) because cement particles begin to dissolve and hydrate upon contact with water, creating positive and negative
charges on the cement surface and inducing electrostatic attraction between the cement particles, which causes grouping or floccu-
lation of the particles [85]. In the synthetic pore solution (liquid phase of hydrating cement suspension), the hydration product
ettringite was negatively charged, whereas the calcium silicate hydrates and tricalcium silicate were positively charged [86]. Liang
et al. [87] reported that part of the water is wrapped in cement particles; therefore, a decrease in the amount of free water would be
observed, increasing the effective solids volume fraction. However, in the MSG grout, the silicate anions are absorbed on the surface of
precursor particles like slag, generating negative charges on the particles’ surfaces and resulting in electrostatic repulsion between
them [88]. In other words, it had a reduced effective solid volume fraction, which resulted in lower YS and PV.

From the perspective of the activation method, the MSG grout unveiled a lower YS and PV than the CSG grout (Table 4). The YS and
PV of MSG grout are 4% and 27% less than the CSG grout. This could be because the alkali activator solution dissolves rapidly at an
early stage when blended with the raw materials that are rich in alumina and silica to produce a conventional geopolymerization
reaction, one which is significantly more viscous than the required water to form MSG grout, resulting in a greater YS and PV of the
CSG grout [37]. It is well known that a suspension’s viscosity increases in direct proportion to the viscosity of the suspending solution
[89]. It can be concluded that the higher YS and PV values are disadvantageous for grout when used as a soil injection material, as the
materials would be difficult to pump through the pipe if the slurry was overly viscous. Hence, MSG grout is more suitable for soil
injection applications than CSG and OPC grout.

3.3. Fresh properties

Grouting is one of the important civil engineering applications. The setting time is an essential factor for grouting applications,
where a short setting time might cause damage to the grouting machine but a long setting time often leads to a slow construction
schedule [37]. The effect of RHA content on the setting times of MSG grouts is depicted in Fig. 7a. In general, the incorporation of RHA
into the geopolymer composition prolonged the setting time. The initial setting time of RH10-MSG, RH20-MSG, and RH30-MSG
increased by 14%, 27%, and 44%, respectively. Similarly, the final setting time increased by 6%, 16%, and 42%, respectively,
compared to the control mix (RHO-MSG). This is probably due to the combined effect of biogenic active silicon oxide particles and
loose-layer structure of RHA; the dissolution of silicon oxide particles from the layer structure is slow, which delays the hydration of
the geopolymer [73]. Furthermore, the rate of condensation between aluminosilicate species is faster than the condensation rate
between silicate-silicate species [90]. Meanwhile, the inclusion of RHA increased the SiO;/Al;05 ratio, delaying the setting time.
According to Billong et al. [91], the RHA in pastes acted as a setting retarder due to the high SiO5/Al;05 ratio in the mixture, and this
contributed to the inhibition of the geopolymerization reaction by the precipitation of Si-Al phases which prevented contact between
the reactive material and the activation solution. Liang et al. [92] observed that the addition of RHA to the metakaolin-based geo-
polymer significantly prolonged the setting time, but this effect was likely attributable to the increased time required for silicon oxide
to dissolve from RHA.

On the other hand, the results demonstrated that the setting time of the RHO- MSG grout was shorter than that of the OPC and CSG
grouts. The initial setting time of MSG, CSG, and OPC was 3.3h, 4h, and 8h, and the final setting time was 4.5h, 6.3h, and 12h,
respectively, as seen in Fig. 7a. The shorter setting time of RHO- MSG grout might be related to mechanochemical mechanisms that
create electronic charges on the surface of mechanochemically activated particles, resulting in a rise in surface energy and the
transition from the crystalline to amorphous phase [30]. Furthermore, the mechanochemical process disintegrates large alumina and
silica particles, increasing their surface area and resulting in a more uniform distribution of particles in the mixture, and this
contributed to a higher proportion of additional aluminosilicate being formed from slag and RHA, allowing for participation and
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Fig. 7. Fresh properties of MSG, CSG, and OPC grout, (a) setting time, and (b) bleeding capacity.
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dissolution in the formation of geopolymer gels [37,79]. Thus, increased aluminosilicate availability accelerated the polymerization
process, resulting in a shorter setting time for RHO- MSG grout [79,93].

In addition, bleeding capacity testing was carried out in this work to assess the influence of RHA content on the stability of MSG
grout, as shown in Fig. 7b. The results revealed that the bleeding capacity of MSG grout rose along with the increase in RHA level;
hence, it can be clearly observed that the mixes with 100% slag content had the lowest bleeding capability. For example, the bleeding
capacity of MSG grout rises from 0.025% to 0.1% when RHA content is increased from 0 to 30%. Because of the high demand for water
in the geopolymerization of slag particles [94,95], dissolution heat flow climbed as slag amount increased since slag possesses a faster
dissolution rate than RHA [88], leading to rapid growth synthesis of reaction products to create a rigid network. The heightened
bleeding capacity of geopolymer grout containing RHA can be attributed to its low water demand and its filling effect compared to slag.
Furthermore, the porous and reactive silica-containing RHA enhances ion transport mobility early on and precipitates the dissolving
process of aluminosilicate precursors, leading to polycondensation reactions. The RHA contributes to the filling of micropores through
its filling effect and imparts more amorphous gel phases, resulting in a dense structure and a lower water absorption value. The results
also showed that the MSG grout (RHO-MSG) had significantly less bleeding capacity than the OPC and CSG grouts, as seen in Fig. 7b.
Due to the increased surface area and reduced particle size of the mechanochemically activated powder, additional water is required to
cover the surfaces of the particles [79]. Overall, the results of this research indicated that the bleeding of MSG and CSG grouts is more
stable than OPC grout.

3.4. Mechanical properties

3.4.1. Unconfined compressive strength (UCS)

The UCS results of mechanochemically activated slag-based geopolymer (MSG) grout incorporating RHA were obtained at 7 and 28
days, as shown in Fig. 8. The UCS values of all studied mixtures improved as the age increased from 7 to 28 days due to the completion
of the polymerization process and densification of the microstructure at longer ages [94,96,97]. On the other hand, the UCS results for
MSG grout samples containing RHA revealed that the UCS rises in conjunction with curing time, and less cracks on the surface of the
specimens were observed when compared to the RHO-MSG sample. However, the UCS test results of the MSG grout reduced with
increasing RHA replacement content at 7 days then rises as RHA content expands at 28 days, as shown in Fig. 8. For instance, at 7 days,
the reductions of UCS were 4%, 12%, and 29% for the RHA contents of 10%, 20%, and 30%, respectively. Similar results were reported
in previous research [96,98]. The increase in UCS of RH-MSG grout over time is related to the dissolution of a considerable amount of
silica from RHA in an alkaline environment [99]. From the perspective of geopolymers containing varying amounts of RHA, RHA
contributed favorably to the development of strength. The UCS of MSG grout rose with increased partial replacement of slag with RHA
up to 20% and declined beyond that. For instance, the addition of RHA as slag replacement at 10 and 20% elevated UCS values by 4.5%
and 41%, respectively, compared to the control mix (RHO-MSG) at 28 days. The increased UCS with the addition of RHA is due to the
relatively higher Si0,/Al,04 ratio, as well as the porous and reactive silica-containing RHA, which accelerates ion transport mobility
and quickens the dissolution process of aluminosilicate precursors, resulting in polycondensation reactions and increased UCS of MSG
grout [100]. The presence of RHA contributes to the filling of micropores through its filling effect and ascribes more amorphous gel
phases, resulting in a dense and strengthened structure. Additionally, the RHA-active biogenic silica promotes the creation of addi-
tional calcium silicate hydrate phases in the calcium oxide-retaining geopolymer system, as RHA exhibits pozzolanic activity in the
presence of CaZtions [74]. A. Mehta, R. Siddique [101] observed that compressive strength increased by RHA with slag substitution up
to 15 wt%. It is attributed to the higher SiO5/Al;05 ratio and increased the system’s reactivity, resulting in secondary calcium silicate
hydrate production with sodium alumina-sulfate hydrate. However, the presence of excessive RHA (>30 wt %) decreased the UCS by
13% compared to a 20% RHA presence. The higher content of RHA leads to a high percentage of unreacted or partially reacted RHA
particles in the geopolymer matrix in the course of which weaker and less ductile geopolymer gel is produced [76]. The higher amount
of SiO; delays the reaction of Si and Al ions and produces a lower density geopolymer binder resulting in lower compressive strength
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[96]. Silva et al. [102] reported that the Si/Al ratio had a substantial impact on the mechanical features of the geopolymer. After this,
using a high Si/Al ratio, low-crosslinked aluminosilicate materials with reduced strengths were developed. Furthermore, Kusbiantoro
et al. [100] reported that the difference in the degree of solubility between slag and RHA reduces the rate of dissolution and poly-
condensation of aluminosilicate compounds, hence the decrease in the strength at higher RHA content.

From the perspective of the activation method, the mechanochemical mechanism significantly impacted the strength performance
of MSG grout specimens. The UCS values of CSG grout were lower than its counterpart MSG (Fig. 8); the UCS was reduced by 18%
compared to RHO-MSG due to the higher cracks observed at 28 days, as shown in Fig. 9. Notably, the strength performance of the mixes
containing 100% slag activated conventionally was reduced at a longer curing period. The UCS of the CSG grout sample was 8.7 MPa
and 8 MPa at 7 days and 28 days, respectively. Moreaver, the shape of the CSG grout sample at 28 days revealed apparent micro-cracks
on the surface of the specimen, as seen in Fig. 8. These cracks can be attributed to the fact that there is more apparent shrinkage after 28
days compared to 7 days [37,103]. Additionally, mechanochemical activation presses increased the surface area and reaction rate of
slag; as a result, an extra gel was generated as a consequence of the main reaction, which then accumulated and filled the pore system.
The formation of a large proportion of gel in the geopolymer mixture improved the overall pore volume and porosity of the geopolymer
grout, resulting in enhanced immobilization [37]. Similar MSG grout behavior was reported in Refs. [30,104,105]. On the other hand,
the results revealed that the UCS of the OPC sample was a little higher than that of the RHO-MSG and CSG mixes due to the high
shrinkage of slag and lower calcium content compared to OPC at 28 days. For example, the UCS of OPC is 1.4%, 19% higher than
RHO-MSG and CSG, and 28% lower than RH20-MSG, respectively (Fig. 9). It can be concluded that the UCS of
RH20-MSG > OPC > CSG grouts; therefore, the RHA can be effectively used in mechanochemical geopolymer grout up to 20%
replacement.

3.4.2. Ultrasonic pulse velocity and bulk density

Fig. 10 presents the influence of RHA contents on ultrasonic pulse velocity (UPV) and bulk density tests of grouts. It can be seen
from Fig. 10 that the UPV values of MSG grout were enhanced significantly at curing ages of 7 and 28 days. Based on the UPV
classification presented in Table 3, all obtained specimens’ hardened states ranged from low velocity to very low velocity [69]. It is
obvious that specimens with varying levels of RHA incorporation enhance UPV after 28 days compared to 7 days (Fig. 10), owing to the
combined strengthening effect of the bond reaction and the filling effect of the dissolved SiO, particles at later ages [94].

The UPV of MSG grout increased with increasing partial substitution of slag with RHA up to 20%, and declined thereafter (Fig. 10).
The UPV of the MSG grout improved by 3% and 7% when RHA content increased from 10% to 20%. The improvement in UPV per-
formance can be ascribed to introducing more silicon ions into the aluminosilicate network produced by RHA [106]. Istuque et al. [50]
observed that the dissolution of RHA increased the strength and sustainability of alkali-activated mortars. Furthermore, an optimal
balance between the filling effect and gel phase formation is achieved. It implies that the addition of RHA plays an important role in the
refinement of pore structure. In the alkali activator environment, the silicon oxide particles were dissolved from the layered pore
channels in RHA, resulting in additional silicon oxide micro-particles that acted as fillers for the whole pastes while participating in the
reaction [73].

However, the UPV of RH30-MSG decreased by 1.5% when slag was replaced with 30% compared to the RH20-MSG mix. This
decrease is probably attributable to changes in elemental composition [106]. Based on the chemical composition of raw materials (see
Table 1), the inclusion of RHA into a slag-based mechanochemical geopolymer increases the SiO, content while decreasing the Al,O3
and CaO content in the reaction systems. Chemical component variations in the initial systems will affect the hydrated products and
thus the material characteristics [107]. Meanwhile, excessive RHA creates a looser structure resulting from incomplete chemical
reactions, as well as an increase in the number of unreacted components in the system. This unfilled honeycomb hole produces a
non-homogeneous microstructure, which increases water absorption [48].

Additionally, the results reveal that the activation mechanism of geopolymer grout significantly affected the UPV values (Fig. 10).
The UPV values of MSG samples were higher than those of CSG samples due to the fact that grinding the precursor increased the surface
area and decreased the particle size of the slag and RHA particles, hence reducing the porosity and raising the density of the geo-
polymer grout. In addition, the grinding process considerably expedited the polymerization process by generating extra

CSG RHO- MSG RHI10- MSG RH20- MSG RH30- MSG

Fig. 9. The visual appearance of CSG and MSG grout.
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aluminosilicate gel in the mixture, thereby increasing the density of MSG grout [35].

A bulk density test was conducted for grout to validate ultrasonic pulse velocity results, as displayed in Fig. 10. The bulk density
follows a similar trend to the ultrasonic pulse velocity results regarding the RHA replacement. The highest bulk density of MSG grout
was achieved at 20% RHA replacement among all MSG grouts after 28 days. In other words, the optimal replacement amount of slag by
RHA was 20%, at which point the reaction extent of geopolymerization deepened, accompanied by a beneficial strength development
and refinement of pore structure. However, it shows a slight decrease in bulk density values when the RHA addition dosage is increased
to 30%. The decreased bulk density was primarily attributable to a reduced rate of aluminosilicate dissolution produced by the sol-
ubility difference between slag and RHA [100]. Furthermore, the higher concentration of unreactive silica due to increased slag
replacement levels inhibited the polymerization process, resulting in reduced bulk density. As shown in Fig. 10, mechanochemical
activation of slag-based geopolymer grout altered the bulk density values. The results demonstrated that MSG samples were denser
than CSG and OPC samples since the density of RHO-MSG samples was 3% and 2% higher than that of CSG and OPC, respectively. The
high density of MSG specimens resulted from the ball-milling of slag/RHA and chemical precursors, which raised the surface area and
reactivity of the geopolymeric precursors. The higher reactivity of the source materials resulted in the development of more gel as the
principal reaction product, decreasing the porosity and increasing the density of MSG grout [108].

3.5. Microstructural analysis

XRD patterns were utilized to analyze the influence of the activation mechanism of geopolymer grout, as depicted in Fig. 11. The
XRD patterns of hardened CSG and RHO-MSG reveal the existence of the geopolymeric phases sodium aluminum silicate hydrate and
sodium silicate hydrate in addition to the crystalline phase peaks observed in the raw powder [29]. These phases were much more
intense in RHO-MSG than in CSG as a result of the mechanochemical grinding of slag and chemical powder. The (halo) amorphous
phase and some sharp peaks of crystalline phases in the XRD traces indicated that both CSG and RHO-MSG were semi-crystalline with a
substantial quantity of amorphous gel. This amorphous shape illustrates that the geopolymer contains a highly disordered glassy
silicoaluminous phase.

Fig. 12 shows the effect activation method on the microstructure characterization of MSG and CSG grouts. Notably, the activation
method had a considerable effect on the microstructure of geopolymer grout. As seen in Fig. 12a and b, many unreactive slag particles
can be observed in CSG grout as compared to its counterpart RHO-MSG, which includes limited unreactive slag particles due to the
beneficial effect of mechanochemically activated mechanism that increased surface area and reduced the particle size of slag, resulting
in lower porosity and higher density in comparison with CSG grout. Additionally, significant cracks can be seen in CSG grout (Fig. 12a)
because of the poor connectivity of the reaction products [37]. It can be concluded that the mechanochemically activated method is
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VvV Sodium aluminium silicate ¢  Sodium silicate
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Fig. 11. XRD patterns of CSG and RHO-MSG hardened grout.
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Fig. 12. SEM images of the hardened (a) CSG and (b) RHO-MSG grout.

more beneficial than the conventionally activated method in densifying the compactness of grout’s microstructure, and thus, the
mechanical properties of MSG grout have been greatly enhanced. Furthermore, the geopolymerization reaction of MSG grout was
dramarically enhanced during the grinding process due to the creation of additional aluminosilicate gel in the mix (Fig. 12b); the
produced gel has a more homogeneous microstructure which decreased the porosity and enhanced the reaction rate of slag particles.

Fig. 13 presents the influence of RHA amount on the microstructure characterization of MSG grout. As seen in Fig. 13b, a 20% RHA
replacement results in a compact structure and acts more homogeneously with formed gels and less unreacted particles than the
microstructures of RHO- MSG (Fig. 12b) and RH30- MSG (Fig. 13b). In other words, the microstructure of the RH20- MSG is denser with
less pores or visible cracks. The incorporation of 20% RHA contributes to the filling effect or interpenetrating action between the
presence of other components in the geopolymer, leading to a decrease in average pore diameters and a more compact structure [48,
75]. This decreases the geopolymer’s permeation properties, such as its external ion penetration rate (such as chloride ion perme-
ability) and low sorptivity [48]. As a result, a 20% replacement of slag by RHA improved the mechanical performance of MSG grout,
and this observation aligns well with previous studies [94,101,109].

At 30% RHA, the microstructure of the RH30-MSG is still denser and more compact than RHO-MSG; however, it continued to allow
a significant number of unreacted RHA particles with many microcracks (Fig. 13b). These microcracks could have been caused by an
excess of RHA, which inhibits the synthesis of reaction products with crosslinking structures.

Due to the excessive amount of RHA, the interface between the RHA particles and the MSG matrix was reduced. Therefore, the low
mechanical interlocking and the formed microcracks resulted in lower densification and lower mechanical performance of RH30-MSG
samples compared to RH20-MSG samples, as shown in Fig. 13b [110]. This effect is due to the considerable decrease in alumina with
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Fig. 13. SEM images of the hardened (a) RH20- MSG and (b) RH30- MSG grout.

increasing RHA content, since alumina content is important in the production of a stable polymer network [111]. Meanwhile, the
elevated level of RHA brings about a looser structure caused by inadequate chemical reactions and increased unreacted components in
the system [48]. As a result, partial slag replacement by 30% RHA reduces the UCS of the mechanochemical activation geopolymer
grout.

4. Conclusions

This research aimed to develop mechanochemically activated geopolymeric grout with an environmentally and more user-friendly
approach. Current geopolymer synthesis methods address the limitations of conventional geopolymerization techniques. In addition,
the feasibility of incorporating RHA as a partial precursor in slag-based mechanochemically activated geopolymer grout was inves-
tigated. Pointedly, a conventionally activated geopolymer-based grout and an ordinary Portland cement grout were investigated for
comparison. All studied groups were examined for their rheological, fresh, mechanical, and microstructural performances. The
following conclusions are derived from the results of the study:

e The presence of RHA as a partial substitution for slag in MSG grout has a noticeable effect with a beneficial consequence on the
improvement of the rheological responses of the grout as evidenced by the decrease in apparent viscosity and shear stress of RHA-
containing mixes. In addition, the mechanochemical activation approach positively affected the rheological properties of geo-
polymer grout.
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The vield stress and plastic viscosity values of the MSG grout were reduced by 5-38% and 9-41% when slag was substituted with
0-30% RHA, respectively. Regarding the effect of the activation mechanism, the MSG grout exhibited between a 4% and 27% lower
yield stress and plastic viscosity than the CSG grout. In addition, the results indicated that the yield stress and plastic viscosity of
OPC grout were higher than those of MSG and CSG grout.

The activation method and RHA replacement substantially impacted the setting time. Utilizing 0-30% RHA prolonged the initial
and final setting times of MSG grout by 14-44% and 6-42%, respectively. In contrast, mechanochemical activation significantly
accelerated the setting process. Initial setting times for MSG, CSG, and OPC were 3.3 h, and 8 h, respectively, whereas final setting
times were 4.5 h, 6.3 h, and 12 h, respectively.

The bleeding capacity of MSG grout increased from 0.025% to 0.1% as RHA content increased from 0 to 30% due to its low water
demand and filling impact compared to slag. In addition, the results demonstrated that the MSG grout had a substantially lower
capacity for bleeding than the CSG and OPC grout. It was found that as a result of the reduction in particle size and the rise in the
powder’s surface area caused by the grinding process, a greater quantity of water is required to adequately cover the surface of the
particles.

The substitution of 10-20% slag with rice husk ash enhanced the UCS of MSG grouts by 4.5-41% due to the introduction of more
active silicon into the geopolymerization reaction process by rice husk ash, hence promoting the formation of additional gel phases.
In addition, the mechanochemical technique increased the strength of geopolymer grout by 18% compared to its conventional
counterpart.

The microstructure analysis confirmed that the activation method significantly impacted the microstructure of geopolymer grout
because the grinding process increased slag surface area while decreasing particle size, resulting in geopolymer grout samples with
lower porosity and higher density than conventionally activated samples. Inclusive of this, the SEM images revealed that the
microstructure of MSG grout at 20% RHA was densely compacted with fewer pores or no apparent cracks as a result of the
incorporation of more active silicon into the geopolymerization reaction process, which promoted the generation of additional gel
phases, which was also the strong support for the UCS development of MSG grout.
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