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ARTICLE INFO ABSTRACT

Keywords: In this research, a mechanochemically activated geopolymer (MG) grout is adopted to activate slag, fly ash,
Grouting sodium hydroxide, and sodium silicate by dry grinding in a ball mill for 2 h, after which water is the only additive
Mechanochemical activation : P - . . .

) required to initiate the geopolymerization reaction. A conventionally activated geopolymer (CG) grout was also
ﬁ;zgfo y?::lr evaluated for comparison purposes. Twenty-four different slag and fly ash mixtures have been prepared at
Semnggﬂme different slag/fly ash ratios (0S100F, 50S50F, 75S25F, and 100SOF) at three different molarities of sodium hy-
Strength droxide (1.25, 2.5, and 3.75) to assess the behavior of both MG grout and CG grout. A series of tests were

Slag examined, such as rheological characteristics, setting time, bleeding, unconfined compressive strength (UCS),

Fly ash ultrasonic pulse velocity (UPV), and scanning electron microscopy (SEM). The experimental results showed that
the mechanochemical activation technique reduced the rheological characteristics and fresh properties (setting
time and bleeding) of geopolymer grout compared to the conventional activation process. Considering me-
chanical properties, both UCS and UPV of MG grout were higher than that of CG grout. Furthermore, slag content
and sodium hydroxide concentration significantly affected the rheological, fresh, and mechanical properties of
all geopolymer grouts regardless of the activation method. Both the rheological characteristics and mechanical
properties were increased considerably with the increase in molar concentration and slag content. Whereas the
bleeding capacity and setting time dramatically reduced with the increase of molar concentration and slag
content.

1. Introduction considerable attention to replacing cement with pozzolanic materials or

some admixtures by considering better grout performance with some

Grouting is one of the effective methods for ground improvement in
the construction sector (e.g., tunnels, anchors, dam barriers, pre-stressed
coating cables, building foundations, etc.) [1-3]. The construction in-
dustry is considered a higher consumer of Portland cement, and many
grouting applications rely on cement for ground improvement in con-
ventional practice. However, the previous studies stated that the over-
dependence on Portland cement has led to ecological issues such as large
CO, emissions, resource depletion, dust generation, etc. [4-6].
Furthermore, the utilization of Portland cement has been found to have
side effects like high bleeding, high plastic shrinkage, and some strength
problems owing to the loss of water and incomplete hydration at early
ages [7,8]. To eliminate these issues, many researchers paid
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eco-friendly materials [9-12]. In the last two decades, a new type of
material called geopolymer has been successfully adapted in construc-
tion works, and it could be a good alternative material for grouting
applications instead of cement [13-15].

The geopolymer binder consists of alumina-silica sources such as
metakaolin, slag, rice husk ash, and fly ash activated with an alkali
activator solution like sodium or potassium hydroxide and sodium sili-
cate [4,5,7,16]. Geopolymer materials are environmentally friendly,
durable, highly resistant to chemical attack, resistant to alkali-aggregate
reaction, possessing good mechanical performance, and viscoplastic
behavior similar to conventional cement, etc. [6,17-24]. Despite the
remarkable greenness potential of geopolymer, which promotes its
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Table 1

chemical and physical properties of FA, slag, and sodium silicates.
Constituent (%) Slag Fly (Na,SiO3z-Penta) (Na,SiOs)

ash Powder liquid
a) Chemical composition
Cao 34.19 4.24
SiOy 40.42 57.2 28 29.4
Al203 10.6 24.4
Fe,03 1.28 7.1
MgO 7.63 2.4
SOz 0.68 0.29
K>,0 0.0128 3.37
NaO 0.38 29 14.7
Modulus ratio 1 2
H,0 437 55.9
b) Physical properties
Specific surface (m?/ 565 379
kg)

Specific gravity 2.9 2.2

AChemically bound water in the powder which is released when dissolved in
water.

application as a promising alternative binder to Portland cement;
however, the use of geopolymer has been restricted to small-scale ap-
plications. To make the most of the excellent eco-friendly geopolymer,
large-scale applications of geopolymer in the construction industry
should be really taken into consideration. Conventionally, geopolymer is
manufactured from a two-part mix comprising solid aluminosilicate
precursors and alkaline solutions. These user-hostile activator solutions
are frequently used to dissolve the aluminosilicate source materials and
govern the mechanical properties of the geopolymer binder, such as its
compressive strength [25,26]. There are several pitfalls regarding the
two-part mix formulations used in the synthesis of “traditional” geo-
polymers [27]. Handling large quantities of highly corrosive and often
viscous alkaline solutions would be difficult to use for commercial and
mass production of geopolymer materials and hinders the large-scale
application of geopolymer. In addition, the rheology of the geo-
polymer can be difficult and complex to control as a result of the for-
mation of a thick paste and sticky, particularly in geopolymer systems
where sodium is the source of alkali [28]. Moreover, the geopolymer
system is sensitive to the ratio of alkali to available silicate, which can be
challenging to control in practice where waste materials are used as a
silica source [29]. Lastly, as a result of the movement of alkalis and
water to the geopolymer surface during curing or in service, there can be
a tendency toward efflorescence, and/or high permeability and water
absorption, unless the water and alkali content of a geopolymer mix are
cautiously controlled [4,30]. Thus, one of the main steps towards the
large-scale application of geopolymer in the construction industry is
developing a one-part “just add water” geopolymer mixture as an
alternative method that is more similar to the utilization of conventional
Portland cement-based materials.

One-part geopolymers are made with blends of solid alkaline acti-
vators and solid aluminosilicates precursors [31-33]. The use of solid
activators in the manufacture of geopolymer enhances its commercial
viability because it aids the development of a one-part “just add water”
mixture, similar to conventional cement-based materials [34]. Only
recently, some studies focused on synthesizing one-part geopolymer. For
instance, Kolousek et al. [35] developed a one-part geopolymer mix by
making a totally sodium silicate-free geopolymer system by calcination
of kaolinite or halloysite together with powdered hydroxides, but this
was reported to result in low strength development (7-days strengths<1
MPa were given). Suwan et al. [36] obtained binder samples by ambient
temperature curing with a strength of 2.4 and 6.0 MPa after 7 and 28
days of curing, respectively. Nematollahi et al. [34] prepared one-part
geopolymer mortar specimen by 60 °C curing, obtaining a compres-
sive strength of 29.3 MPa after 7 days. Askarian et al. [37] reports that
mortar specimen activated with sodium silicate cured at 60 °C showed a
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compressive strength of 12.3 MPa after seven days; the same mix design
cured at ambient temperature exhibited a compressive strength of 7.0
and 10.9 MPa after 7 and 28 days, respectively; and they also reported
that ambient temperature-cured one-part geopolymer obtained by
mixing fly ash and Na-based solid activator was not able to set in 24 h
and did not exhibit any strength even after 3 days.

From the previous studies, only low mechanical performances have
been achieved when room-temperature curing was applied. In addition,
one-part geopolymers are mainly studied considering heat curing, thus
limiting the potential application fields of these systems where heating is
not allowed (e.g., grouting, building materials for in situ applications,
materials for rendering, restoration, etc.) [31]. Thus, in this study,
mechanochemical treatment was employed to improve the reactivity of
a one-part geopolymer during ambient curing and as a substitute acti-
vation strategy for overcoming the challenges associated with conven-
tional two-part geopolymers. A mechanochemical activation is an
approach for making geopolymers via an innovative solid-state chem-
istry mechanism. It requires binders in solid form such as alumina-silica
source and solid alkaline activators blended in a ball mill, and therefore,
only water has to be added to initiate the geopolymerization process
[38]. Mechanochemical activation is a process of co-grinding or co-
milling small particulate solid matter to perform molecular dense,
reactive, and amorphous aggregated composite particles. The intense
grinding and milling process can form electrostatic charges and defects
on the surface particles, increasing the surface energy and generating
crystalline changes to the amorphous phase [39,40] and activated par-
ticle agglomeration [41]. On the other hand, mechanically activating
powder (slag or fly ash) can increase the reactivity, causes damage and
breakdown of crystalline structure, and alter polymerized unit structure
[42]. Mucsi et al. [43] made a comparison between small and large-sized
particles of mechanically activating fly ash powder. The results showed
that the small-sized particles exhibited different polymerized unit
structures than larger particles. The results also showed influences re-
action rate, particle dissolution, geopolymerization reaction, mechani-
cal strength, and increases in water demand of mechanically activating
powder [44-46]. Mechanochemical activation of alkaline activator with
fly ash for an extended period has also been demonstrated, and greatly
enhanced the mechanical performance of geopolymer systems and en-
hances heavy metal stabilization [47-51].

Analysis of the previously published works showed that the rheo-
logical, fresh, and mechanical properties of mechanochemically acti-
vated geopolymer grout were not introduced in the published literature,
therefore, this study aims to fill the research gap and gain an in-depth
understanding of the behavior of MG grout in comparison with CG
grout. In the current research, a mechanochemical process is adopted for
activating slag, fly ash, sodium hydroxide, and sodium silicate by dry
grinding in a ball mill for 2 h. Just water is added to the geopolymeric
precursor (MG powder). In addition to the activation method, the effect
of slag to fly ash ratio and the molarity of sodium hydroxide were also
assessed. A series of tests were examined to evaluate the behavior of
both MG and CG grouts through yield stress, plastic viscosity, setting
time, bleeding, density, ultrasonic pulse velocity, unconfined compres-
sive strength, and scanning electron microscopy.

2. Experimental program
2.1. Materials

low calcium fly ash (class F) was used in this study to produce both
CG and MG. The disposal of coal fly ash powder in landfills diminishes
the valuable fertile land. Therefore, its disposal and utilization in an
appropriate way are essential. Fly ash-based geopolymer grout has high
workability, good durability against aggressive environments, and low
shrinkage [52-54]. However, the limiting factor for wider use of fly ash
for geopolymer synthesis owing to its low reactivity and low strength
gain when cured at room temperature [55-57]. To tackle the low
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Fig. 1. The production process of MG powder.

Table 2
Mix proportions of CG and MG-based grout.
Weight: % Weight: (g)

Molarity Mix ID Fly ash % Slag % NaOH % Na,SiO3 % Grindingduration:h Fly ash (g) Slag (g) NaOH (g) NaySiOs (g) Water (g)

1.25 CG-0S100F 85 0 10 57 - 850 0 100 50 1250
CG-50S50F 42.5 42.5 10 57 - 425 425 100 50 1250
CG-75S825F 21.25 63.75 10 57 - 212.5 637.5 100 50 1250
CG-100SOF 0 85 10 57 - 0 850 100 50 1250
MG-0S100F 85 0 10 5P 2 850 0 100 50 1250
MG-50S50F 42.5 42.5 10 5° 2 425 425 100 50 1250
MG-75S25F 21.25 63.75 10 5° 2 212.5 637.5 100 50 1250
MG-100SOF 0 85 10 5P 2 0 850 100 50 1250

2.5 CG-0S100F 85 0 10 57 - 850 0 100 50 1000
CG-50S50F 42.5 42.5 10 57 - 425 425 100 50 1000
CG-75S25F 21.25 63.75 10 57 - 212.5 637.5 100 50 1000
CG-100SOF 0 85 10 57 - 0 850 100 50 1000
MG-0S100F 85 0 10 5° 2 850 0 100 50 1000
MG-50S50F 42.5 42.5 10 5P 2 425 425 100 50 1000
MG75S25F 21.25 63.75 10 5° 2 212.5 637.5 100 50 1000
MG-100SOF 0 85 10 5° 2 0 850 100 50 1000

3.75 CG-0S100F 85 0 10 5° - 850 0 100 50 750
CG-50S50F 42.5 42.5 10 57 - 425 425 100 50 750
CG-75S825F 21.25 63.75 10 57 - 212.5 637.5 100 50 750
CG-100SOF 0 85 10 57 - 0 850 100 50 750
MG-0S100F 85 0 10 5° 2 850 0 100 50 750
MG-50S50F 42.5 42.5 10 5° 2 425 425 100 50 750
MG-75S25F 21.25 63.75 10 5P 2 212.5 637.5 100 50 750
MG-100SOF 0 85 10 5° 2 0 850 100 50 750

@ Composed of the sodium silicate Na,SiO3" activator (in liquid form).
b Composed of sodium metasilicate (SMS; Na,SiO3) -Penta” activator (in powder form).
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Fig. 2. Particle size distribution of the raw and mechanochemical grinding slag and fly ash.

reactivity of used fly ash in this study, slag is incorporated in the fly ash-
based geopolymer grout because it possesses high mechanical strength
and good durability in corrosive environments [58]. However, slag
binder has some problematical properties such as poor workability, high
viscosity, fast setting, and high shrinkage [59-63]. The previously pub-
lished works showed that the combination of both slag and fly ash in
synthesis geopolymer grout shows higher reactivity, better compressive
strength, and lower shrinkage as compared to the full slag or fly ash-
based geopolymer grout [57,64-66].

Sodium silicate and NaOH were chosen in this study as the alkaline
activator. Sodium hydroxide solution was prepared one day before
mixing with different molar concentrations (1.25, 2.5, and 3.75 M) using
NaOH beads of 97-98% purity locally purchased and dissolved in faucet
water. Sodium silicate (Na2SiO3) was used in two forms, a powder form
(metasilicate-Penta) for preparing mechanochemical geopolymer and a
liquid solution for preparing the conventional geopolymer. Based on
previously published works that adopted the mechanochemical activa-
tion approach, a ratio of NaySiO3/NaOH = 0.5 was selected to prepare
the alkaline activator [49,67-70]. Table 1 displays the chemical and
physical properties of the precursor components (FA and slag) and so-
dium silicate in both liquid and powder forms.

2.2. Geopolymer preparation

Geopolymerization is a process that produces cementitious com-
posites using alkaline activation and aluminosilicate-rich materials. In
this research, MG, in addition to the CG, has been adopted for preparing
geopolymer grout. Regarding CG preparations, sodium hydroxide beads
were calculated and weighed based on the desired molarity (1.25, 2.5,
and 3.75 M) and dissolved in tap water. An exothermic reaction
occurred during the mixing time, and the liquid became very hot. For
that reason, the liquid was stored at ambient temperature before it was
used till the chemical equilibrium was gained then, after the NaOH so-
lution being cooled down, the sodium silicate was added. In general, the
alkali activator liquid was prepared at least one day before mixing the
CG ingredients.

For MG grout, all raw materials powder (NaOH, metasilicate, slag,
and fly ash) were grinded for 2 h using a ball mill of 80 kg capacity using
12 balls, each with a mass of 400 g and 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 that was

caused the continuous impact of the particles and grinding. After that,
the obtained MG powder was mixed with faucet water to manufacture
MG grout, as shown in Fig. 1.

Two mixture groups (MG and CG) were used in this study, and each
group contains four different mix proportions (0% slag — 100% fly ash,
50% slag — 50% fly ash, 75% slag — 25% fly ash, and 100% slag — 0% fly
ash). For example, the MG-100SOF code means that the grout type
mechanochemically activated geopolymer grout with 100% slag and
zero fly ash. Also, the CG-75S25F code signifies that the adopted grout is
conventionally activated geopolymer included 75% slag and 25% fly
ash. On the other hand, the influence of the molar concentration of so-
dium hydroxide has also been taken into consideration. Therefore, three
different concentrations (1.25, 2.5, and 3.75 M) were used in this
investigation to reveal the effect of molarity on the rheological fresh and
mechanical properties of both MG and CG grout. Table 2 presents all the
mixture proportions of both CG and MG grouts.

2.3. Testing methods

All the prepared specimens were produced in the laboratory at room
temperature 23 + 3 °C. To examine the rheological properties, the
rheological tests were carried out based on the ASTM D4016-08 [71]
using a rational viscometer (proRheo R 180). A coaxial cylinder was
used, the shear stress was obtained at different shear rates 500 s’l,
571.43s7,642.86s7,714.29s71,785.71 s}, 857.14 51, 928.57 s 1,
and 1000 s~! [8,72,73]. According to preliminary trials, all the shear
rate was kept constant duration time of 15 s to obtain an equilibrium
state in a total of 2 min for completing the test of each mixture.

The apparent viscosity and the shear stress versus the shear rate
represented by the flow curves have been determined for both portions
(ascending and descending) though only the results obtained by the
ascending portion were taken into account in this study [74-77]. In
nonlinear responses for the rheological curves, the dilatant (shear-
thickening) performance occurs when both shear rate and viscosity in-
crease. Nevertheless, in a negative gradient, the viscosity decreases with
increasing shear rate, the flow leads to the pseudoplastic (shear-thin-
ning) performance [75]. The yield stress is related to cohesion in soil or
slump in concrete corresponds to the least shear stress to create the flow
grout, while the plastic viscosity can be related to stickiness, pump-
ability, finishability, placeability, and segregation [76,78]. In this study,
a modified Bingham model has been adopted by the previous studies
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Fig. 3. SEM images of (a) raw fly ash, (b) MG fly ash, (c) raw slag, and (d) MG slag.

[74,75,78], and the plastic viscosity and yield stress were obtained as
following Eq (1):

T =170+, 7+ i’ €h)

where, 7y is the yield stress (Pa), 7 is stress (Pa),y is the shear rate (s’l),
pp is the plastic viscosity (Pa.s), and C is a constant. The coefficient (C)
can be applied to describe non-linear behavior, indicating shear thinning
(C < 0), shear thickening (C > 0) and the Bingham model (C = 0) [79-
81]. Vicat needle test was adopted to measure the initial and final setting
time as recommended by ASTM C191-19 [82]. The initial setting time
can be defined as the time passed between the instants when the water is
supplemented to the cement to the time when the square needle of the
Vicat device penetrates a depth of 25 mm from the top. The same
expression can be applied to define the final setting time; the latter can
be defined as the time passed between the instants when the water is
supplemented to the cement and when the cement paste has fully missed
its plasticity. An important point must be taken into account. The
bleeding capacity is calculated by ASTM C940-16 [83]. A graduated
cylinder with 1000 mL was used for the grout mixture; the poured
mixture inside the cylinder was left for two hours for completing the
sedimentation of the mixture suspension. It is reported that the grout is
stable when the bleeding capacity is < 5% or 10% after two hours of
mixing [84].

Regarding mechanical properties, the grout mixtures were poured in
cylindrical molds; the height and diameter of cylindrical molds are 100
mm and 50 mm, respectively. The samples were cured at a temperature

of 23 + 3 °C till the testing date (7 and 28 days). Then, the unconfined
compressive strength (UCS) of grout samples was tested by standards
[85,86]. It is important to mention that, before conduction the UCS
testing, the samples were used to measure the wave velocity (UPV) by
ASTM C597-09 [87]. The UPV, defined as a non-destructive test, was
used to examine the stiffens of hardened samples. Previous studies
revealed that there are many different classes of quality to indicate the
hardened of the sample (very low velocity UPV < 2500 m/s; low velocity
UPV 2500-3500 m/s; middle velocity 3500-4000 m/s; high velocity
UPV 4000-5000 m/s; and very high velocity UPV > 5000 m/s) [8,88].

3. Results and discussion
3.1. Analysis of microstructure

The grain size is considered to have the main role in the variation of
mechanical and rheological properties. The particle size distribution
curves of slag and fly ash for raw and mechanochemical grinding were
presented in Fig. 2. D50 (median size) of raw slag and fly ash were 22
um, and 38 ym while the median size of slag and fly ash (after blending
with sodium silicate and NaOH in ball milling for 2 h) was decreased to
15 um and 20 um respectively, as seen in Fig. 2.

Scanning electron microscopy (SEM) analysis illustrated the micro-
structure approach of raw and mechanochemical grinding slag and fly
ash precursors. In Fig. 3a, it can be detected that the majority of the raw
fly ash particles were mostly spherical shape. After grinding fly ash with
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Fig. 4. The rheological curves of CG and MG-based grout, (a) 1.25 M; (b) 2.5 M; (c) 3.75 M.

sodium metasilicate and sodium hydroxide, the fly ash particles have
been coated by solid chemical powder (the combination of sodium sil-
icate and hydroxide), which caused a reduction in the solid chemicals
and average size of fly ash. However, the spherical morphology of the
raw fly ash was not fully destroyed, and there was some agglomeration
of the fine-grained particles. Thus, the formation of the geopolymeric
precursor has been produced. In addition, the initial binding was
observed between fly ash particles because of the addition of sodium
hydroxide and metasilicate. Moreover, Gupta et al. [38] reported that
the ball-milling of sodium hydroxide and fly ash together for 8 h led to
the development of cracks and defects, resulting in an increase in surface
area and enhanced reaction. SEM analysis of raw slag and MG slag
precursor was also reported in this study. Fig. 3c, d showed the SEM

images of raw slag and MG slag precursor at a magnification of 8000
times. As seen in Fig. 3c, the size and shape of slag particles were dis-
similar and heterogeneous, and the material components appear as sub-
rounded to angular shapes. The edges and roughness were observable in
angular particles and bulk [89]. After the mechanochemical process of
slag, it’s evident that the size of slag particles was generally reduced
(Fig. 3d), and it still has angular and deforms shapes. Also, the mecha-
nochemical process for 2 h increased the surface area of the particles and
imparted a higher reaction rate of the geopolymer precursors.
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Fig. 5. Variations of the initial apparent viscosity of CG and MG-based grout at different Molarity.

Rheological characteristics of CG and MG-based grout.

2.5
Molarity

3.75

Molarity Mix ID initial apparent viscosity (Pa. s) coefficient C To (Pa) pp (Pa. s) Grout Temperature [°C]
1.25 CG-0S100F 0.021 0.00003 1.37 0.0044 22.4
CG-50S50F 0.022 0.00003 1.64 0.0059 22.7
CG-575825F 0.0234 0.00003 1.738 0.00852 23
CG-100S0F 0.0244 0.00003 2.22 0.019 23
MG-0S100F 0.0122 0.00002 0.701 0.0029 28.2
MG-50S50F 0.0137 0.00002 1.49 0.0038 28.5
MG-75S25F 0.014 0.00002 1.61 0.0069 29
MG-100SOF 0.0148 0.00002 1.87 0.00874 29
2.5 CG-0S100F 0.0337 0.00004 1.65 0.0061 23
CG-50S50F 0.0361 0.00004 1.96 0.0093 23
CG-57S25F 0.0380 0.00004 3.04 0.016 23
CG-100S0F 0.0400 0.00005 3.762 0.0362 23
MG-0S100F 0.0159 0.00003 0.884 0.0034 29
MG-50S50F 0.0184 0.00003 1.52 0.0061 30.1
MG-75S25F 0.021 0.00003 2.68 0.0097 30.4
MG-100SOF 0.024 0.00003 3.19 0.019 31
3.75 CG-0S100F 0.0470 0.00004 2 0.0199 23
CG-50S50F 0.0510 0.00007 3.47 0.0211 23
CG-57S25F 0.0600 0.00008 5.55 0.05 23
CG-100SOF 0.0660 0.00008 6.04 0.052 23.3
MG-0S100F 0.0200 0.00003 1.94 0.0062 31
MG-50S50F 0.0310 0.00004 2.36 0.0073 31.7
MG-75S25F 0.0390 0.00004 3.74 0.018 32
MG-100SOF 0.0520 0.00005 4.1 0.0398 32.4

3.2. Rheological properties

3.2.1. Initial apparent viscosity

Grouts must have low initial apparent viscosity to ensure suitable
initial fluidity and spreading ability. The initial apparent viscosity
values of CG and MG grouts with slag content and molarity are presented
in Figs. 4 and 5. Therefore, the initial apparent viscosity of grout at
about 500 s~ ! was selected to establish the estimation of initial apparent
viscosity because shear rates <500 s~! have not been able to draw the
flow chart [72]. The activation method (mechanochemical activation)
affected the initial apparent viscosity of grout. Therefore, the initial
apparent viscosity of MG grout samples showed a reduction by 57%,
39%, 35%, and 21% for MG-0S100F, MG-50S50F, MG-75S25F, and MG-
100S0F, respectively, in comparison to all CG grout samples (Fig. 4c).
It’s important to mention that the MG grout had a much higher tem-
perature than CG grout after mixing with water; this is due to the fact

that MG powder directly mixed with water and its highest temperature
reached around 32 °C in the first 10 min, whereas the alkaline activator
based-CG prepared before 24 h of mixing and its highest temperature
reached around 62 °C in the first 20 min and maintained above 28 °C for
over 8 h. Then, it cooled down slowly to the temperature room (23 °C),
after that mixed with the raw materials to produce CG grout. Also, the
chemical species of alkaline materials (in solid form) in MG were
brought to a lower energy state when dissolved with water and released
much more heat to the surroundings. Those species were Na* and OH~
for sodium hydroxide and 2NaZt + SiOg((OH)g)Z' for sodium silicate
[90]. As a result, increasing the initial temperature of the grout, as
shown in Table 3, leads to an increase in the conductivity of the MG
grout and the mobility of ions because it solidified much more rapidly
than those that appeared in CG grout by the intensive hydration reaction
of the raw material, alkaline solids, and water. Thus, it caused an in-
crease in the degree of dissociation in the solution, which in turn is
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responsible for the reduction in the initial viscosity of MG [91]. Similar
behavior was reported by Vitola, Laura, et al. [92] and Yang et al. [93].

Generally, the increase in slag content significantly affects the results
of apparent viscosity. In other words, increasing slag content leads to a
further increase in the apparent viscosity of all mixes regardless of the
geopolymer type and molar concentrations. Furthermore, the initial
apparent viscosity of MG and CG grouts was dramatically increased with
increasing slag content. For example, the apparent viscosity of CG-
100SOF and MG-100SOF increased by 40% and 160% compared to the
control mixes (CG-0S100F and MG-0S100F), respectively as shown in
Fig. 4c. This is attributable to the higher reactivity of slag, resulting in
the early formation of primary C-S-H gel [21]. It is well-known that the

(b)

stress and (b) Plastic viscosity of MG and CG - based grout.

slag’s dissolution is faster than fly ash owing to its higher reaction rate.
The ionic bond generated by modifier cations (like Ca®") and the non-
bridging oxygen in the calcium aluminosilicate glass structure is more
easily dissolved, resulting in the release of Ca?" ions from slag in the
early stage [94]. On other hand, the molar concentration had a major
impact on the initial apparent viscosity of CG and MG grouts, as seen in
Fig. 5. The higher the molar concentration, the higher initial apparent
viscosity despite the grout type; the initial apparent viscosity of CG-
100SOF grout increased from 0.0244 to 0.066 Pa.s when the molarity
increased from 1.25 M to 3.75 M, respectively. As the concentration of
sodium hydroxide increased, the low viscosity stage was shorter, and
then the viscosity increased quickly to the initial coagulation, followed
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by fast thickening. Also, the low molarity negatively affected initial
apparent viscosity; this could be ascribed to the slow leaching reaction
and the low amounts of Si** and AI** at low molar concentrations [95].

3.2.2. Yield stress and plastic viscosity

The properties of the rheological tests of the plastic viscosity and
yield stress of MG and CG grouts were analyzed according to the
modified Bingham model as presented in Table 3. Shear thickening
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behavior (C > 0) was observed for both MG and CG grout mixtures. In
other words, based on the C values, the flow behavior of all grouts
regardless of the type of activation method exhibited dilatant behavior
which means that the viscosity increases with increasing shear rate as
shown in Fig. 4. The results indicated that the activation method pre-
dominantly influenced the rheological properties of geopolymer grout.
The MG grout showed a lower yield stress and plastic viscosity compared
to the CG grout, as presented in Table 3. The yield stress and plastic
viscosity of MG grout are ranging from 0.701 - 4.1 Pa and
0.0029-0.0389 Pa. s, respectively. The yield stress of CG grout has been
varied from 1.37 to 6.04 Pa, and plastic viscosity ranges between 0.0044
and 0.052 Pa.s. This may be attributed to fact that the alkali activator
solution would be dissolved rapidly when be mixed with the source
materials at very early stages to form conventional geopolymer grout
which is much more viscous than water that used to synthesis MG grout,
leading to higher yield stress and plastic viscosity of the CG grout. It has
been commonly accepted that the viscosity of a suspension increased
with the increase of the viscosity of the suspending liquid [96]. The
higher yield stress and plastic viscosity of CG grout would be also a
disadvantage over MG grout when used as soil injection because it was
not easy to pump through the pipe if the materials are too viscous.
Therefore, to apply the CG grout in soil injection, measures should be
taken to decrease the yield stress and viscosity. Moreover, the low yield
stress and plastic viscosity of MG grout may be related to the increase in
heat emitted after adding water to MG powder, as shown in Table 3. The
initial temperature of MG increased approximately by 35% in compar-
ison with CG grout (23 °C). As mentioned previously in section 3.2.1, the
increase in initial temperature increased the dissolution process of
geopolymer grout, and the number of ions in a solution increased with
the increasing the initial temperature of MG grout, and dissociation
increases since the bonds in the electrolyte molecules are activated,
resulting in low yield stress and plastic viscosity [92]. Further in-
vestigations must be conducted to thoroughly assess the effect of the
increase in the initial temperature on the rheological properties of MG
grout.

The effects of the activation method of CG and MG grouts under
different molarities on the relationship between plastic viscosity versus
yield stress are presented in Fig. 6. The relationship between the yield
stress and plastic viscosity could also be a beneficial factor for adjusting
the pumping pressure and pumping rate during grouting. As seen in
Fig. 6, the CG grout has a better correlation coefficient (0.882 < R* <
0.944) than the MG grout (0.719 < R? < 0.851). From these relation-
ships, it’s noteworthy to mention that the pumping process of CG grout
could be more controlled as compared with its counterpart of MG grout.
However, an emphasis should be given that the plastic viscosity could
influence the pumping process more than the yield stress [97]. In other
words, the shear stress (at high shear rates) is gradually more dominated
by the plastic viscosity and dilatant behavior [97]. It is found in some
past studies [98,99] that pressure loss during pumping pressure of grout
is affected by the dilatant response and plastic viscosity rather than the
yield stress.

On the other hand, the obtained results showed that the yield stress
and plastic viscosity of the MG and CG grouts significantly increased
with increasing molarity of sodium hydroxide and slag content, as pre-
sented in Table 3. It can be noted that the increasing trend in yield stress
and the plastic viscosity may be due to the effect of particle shape that
controlling the rheological properties [100,101] and the accelerated
chemical reaction due to the higher slag content, which caused the
formation of C-A-S-H gel along with N-A-S-H gel at early duration like
the reaction process was accelerated [57]. Moreover, the accelerated
solidification rate may be related to the rapid formation of some re-
actions of the mixture materials through the interaction of Ca®" released
from the slag with aluminates and silicates [56,102]. It is essential to
mention that the highest plastic viscosity and yield stress were obtained
at higher molarity and high slag content (Table 3). As seen in Fig. 7, slag-
based geopolymer grout showed higher yield stress and plastic viscosity
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as compared to the fly ash-based geopolymer grout when the molarity of
NaOH increased. This behavior is primarily attributable to particle
flocculation, which is governed by the shape, and particle size distri-
bution of the precursor is one of the primary causes of viscous behavior.
The finer particle size of slag, which promotes particle jamming,
enhanced the viscosity of the alkali-activated paste. Particle jamming is
a physical process in which the viscosity of materials increases due to
increased particle density. In addition, to some extent, the degree of
dissolution of the particles, along with the reactivity of the different
precursors, influence the viscosity. Also, the incorporation of a high
amount of slag binder in geopolymer grout results in significant changes
in the reaction products and the physical-chemical interactions. Slag
enhances the breakdown and release of silicate and aluminate mono-
mers. The previous studies reported that fly ash possesses low reactivity
in producing alkali-activated materials [103,104]. In general, both yield
stress and plastic viscosity regardless of the grout type, increased with
the increase in molar concentration. The yield stress and plastic viscosity
of MG grout are ranging from 0.701-1.87 Pa, and 0.0029-0.00874 Pa.s
at a molarity of 1.25 and the range is 1.94-4.1 Pa and 0.0062-0.039 Pa.s
at 3.75 M respectively because the interparticle force between sodium
hydroxide and sodium silicate may have an effect on the rheological
properties [103]. At low molarity, the silicate ions of sodium silicate
increased the negative surface charge of the precursor. The adsorption of
silicate ions into the precursor (slag or fly ash) resulted in increased
interparticle repulsive forces, which caused an increase in the negative
surface charge. The increased repulsion between the particles led to
deflocculation of the particles and, thus, a lower level of yield stress and
plastic viscosity [105]. However, higher molarity is indicative of an
increased amount of NaOH in the alkali-activating solution, which re-
sults in a greater negative charge of the precursor particles, causing a
significant repulsive force, which increases the yield stress of the alkali-
activated paste. Moreover, the higher molarity of the alkali-activating
solution accelerates the reaction rate of the precursor [106,107].
Similar observations were drawn by Rifaai et al. [81]; the authors
studied the influence of sodium hydroxide on the rheology of fly ash-
based geopolymer and stated that the concentration of the alkaline
activator greatly influences the rheological polymerization process.

3.3. Fresh properties

Grouting is one of the important engineering applications, when
using grouting in construction projects, the setting time is an important
factor need to be controlled. Due to insufficient duration of setting time,
it could cause damage in the machine used for grouting, and on the
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contrary, long setting time causes a slow construction schedule. Fig. 8
presents the initial and final setting time of MG and CG grouts regarding
slag replacement at different molar concentrations. Mechanochemical
activation of geopolymer grout has been affected the setting time
characteristics. The initial setting time of MG-0S100F, MG-50S50F, MG-
75S25F, and MG-100SOF decreased by 18%, 38%, 29%, and 37%, and
the final setting time was reduced by 14%, 36%, 29%, and 40%
compared to the setting time of CG-0S100F, CG-50S50F, CG-75S25F,
and CG-100SOF respectively as shown in Fig. 8c. The results demon-
strated that MG grouts had a shorter setting time than CG grouts. This
may be due to the mechanochemical activation process creating defects
and electronic charges on the surface of the particles, which leads to
increased surface energy and crystalline to amorphous phase changes
[51]. Additionally, an increase in the surface area and a decrease in
particle size will expose a larger surface to a chemical reaction [42,108]
resulting in increased particle dissolution, geopolymerization, and re-
action rate, which lead to the adsorption of the free mixing water and
consequently reduced the setting time of MG grout. Moreover, the
mechanochemical activation may have caused a higher proportion of
further evenly distributed alumina that came from slag and fly ash,
which was enabled to participate and dissolve in geopolymer gel for-
mation [46]. This is attributed to the breakage of large alumino-silicate
particles to smaller particles, which increased the surface area and the
distribution of particles became more evenly in the mixture [109]. With
higher alumino-silicate availability, faster geopolymerization reaction,
i.e. formation of aluminosilicate gel occurred, and the gel network
eventually included more alumino-silicate components. The resulting
gel has a more homogeneous microstructure, presumably due to better
crosslinking of alumina and silica [46].

Besides, the increase in slag content significantly affected the setting
time duration. As shown in Fig. 8, the setting time of both MG and CG
mixtures has been shortened with the increase in slag content. The re-
sults showed that the mixes with 100% fly ash (regardless of the geo-
polymer type) had the longest setting time (Fig. 8a) in contrast to the
mixtures with 100% slag that demonstrated the shortest setting time
(Fig. 8c). In other words, both the initial and final setting time
dramatically reduced with the increase in slag content in both MG and
CG mixtures. The initial setting time of MG-50S50F, MG-75S25F, and
MG-100SOF was decreased by 59%, 72%, and 83%, and the final setting
time was reduced by 63%, 74%, and 85% compared to the setting time
of MG-0S100F, respectively. This is mainly attributed to the irregular
shape particles and high reactivity of slag compared to fly ash which
contributes to the formation of C-A-S-H gel along with N-A-S-H gel at
early duration; as such, the reaction process is accelerated [57].
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Moreover, the accelerated solidification rate may be related to the rapid
formation of some reactions of the mixture materials through the
interaction of Ca" released from the slag with aluminates and silicates
[56,102].

On other hand, the molarity had an apparent effect on the setting
time properties of both MG and CG grouts, as seen in Fig. 8. When the
molar concentration of NaOH was increased from 1.25 to 2.5, the initial
setting time of both MG and CG grouts were increased by 35% and 29%,
and the final setting time was increased by 31% and 29 respectively,
further decrement was observed when the molarity increased to 3.75
(Fig. 8c). The setting time of MG and CG grouts has been shortened at
high molar concentrations. This is attributable to the fact that alkaline
conditions accelerate the activation process of geopolymer grout, and
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the high alkalinity of the NaOH solution leads to the release of Si**,
AI®*, and Ca?" from slag and fly ash, which then diffuse out of the
geopolymerization products that form rapidly around the unreacted
particles [110].

In addition to the aforementioned results, the bleeding capacity has
been conducted in this study to evaluate the variation of bleeding for
both MG and CG grouts, as presented in Fig. 9. Generally, geopolymer-
based grout is stable if its bleeding capacity is less than 5% beyond the
initial coagulation of the slurry [8]. The results demonstrated that the
MG grout possessed lower bleeding capacity than that CG regardless of
the effect of slag content and molarity. For instance, the bleeding ca-
pacity of the MG-75S25F mix was around 33% lower than that CG-
75S25F mix. This could be due to the change in the particle size and
the increase in the surface area of the powder after the mechanochem-
ical process therefore, more water is needed to cover the surface of
particles [46]. From the perspective of slag content, the bleeding ca-
pacity of fresh MG and CG grouts was reduced with the increase in slag
content therefore, the incorporation of slag can effectively improve the
stability of fresh grouts, dissolution heat flow increased with the in-
crease in slag content because slag powder has a higher dissolution than
fly ash powder [111], resulting in the quick formation of reaction
products to create a rigid network. Specimens with a higher fly ash
content have a longer induction period because of the low reaction rate
of fly ash. By contrast, the high amount of fly ash negatively increased
the bleeding capacity of both MG and CG grouts due to its low water
demand and filling effect compared to slag. The fast solidification of slag
incorporated mixtures can be attributed to the difference in dissolution
and activation kinetics of the fly ash and slag. As reported before [5,56],
the accelerated solidification rate may be related to the rapid formation
of some reactions of the mixture materials through the interaction of
Ca?* released from the slag with aluminates and silicate. Even so, the
bleeding capacity of MG and CG grouts decreased with the increase in
the molar concentration. It can be seen that the increase of the molarity
of NaOH from 1.25 to 2.5 M gradually decreased the bleeding capacity
of MG and CG grouts, and the bleeding capacity of both grouts reached
the lowest level at 3.75 of molar concentration as shown in Fig. 9. It can
be concluded that the molarity of NaOH is an essential factor in the
bleeding capacity because as the NaOH concentration increased, the
leached amount of Si** and AI3* increased and more quantity of water
was required to perform geopolymer networks. Due to the excessive
bleeding capacity which is cause a decrease in grout fluidity, stable
geopolymer are recommended [112].

3.4. Mechanical properties

Fig. 10 shows the UCS values of MG and CG specimens versus
different slag replacement levels at 7 and 28 days. As seen in Fig. 10, the
activation method (mechanochemical activation) has been found to
have a pronounced impact on the strength properties of MG samples.
The UCS of MG samples showed a strength improvement around 44%,
23%, 8%, and 22% for MG-0S100F, MG-50S50F, MG-75S25F, and MG-
100SOF respectively compared with its counterpart of CG samples at 28
days and 3.75 M (Fig. 10c). Mechanochemical activation increased the
surface area and the reactivity of slag and fly ash. The reactivity of
source materials led to the formation of more gel as the main reaction
product, and this gel-filled the pore system. Due to the formation of a
larger amount of gel in geopolymer grout, the total pore volume of
geopolymer grout was reduced, and porosity was decreased, which in
turn is responsible for better immobilization. The pore structure, water,
and ions transport determine the resistance of the material to external
influences [113]. Also, the diffusion process during leaching depends on
pore size distribution [114], stability of the matrix [115], physical
properties [116]. Microstructural properties (e,g., porosity, tortuosity,
etc.) [117]. Similar behavior of MG grout was reported in
[42,51,118,119]. Furthermore, the released heat of MG grout after
adding water to MG powder was higher than that of its counterpart of
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Fig. 11. Surface images of MG and CG-based grout at 3.75 M.

CG grout. MG grout seemed to be slightly hot when hydrated, this
advantage could also be an alternative self-heating source for curing
purposes of the MG grout, which could accelerate more geopolymeric-
gel formation in the matrices and enhancing its mechanical character-
istics [31,36]. On other hand, the released temperature of MG grout was
low to moderate in this study due to the utilization of low molarities of
sodium hydroxide (1.25, 2.5, and 3.75 M); however, if the molarity
increased to higher than that of 3.75 M, maybe the released heat during
mixing will be higher than 32 °C and will cause micro-pores in geo-
polymer grout mixture that could give rise to an adverse effect in
physical and mechanical properties [36]. In addition to the effect of the
activation method, the increase in slag content effectively improved the
UCS results; the control samples despite grout type (CG-0S100F and MG-
0S100F) exhibited the lowest UCS in comparison with other samples
that included different amounts of slag. This can be ascribed to the low
reactivity of fly ash compared with slag. The UCS increased gradually
with the increase of slag content, the UCS of MG grout increased by 75%
when the slag content increased from 50% to 75%, while the UCS of CG
grout was also increased by 99% at 28 days and 3.75 M. The remarkable
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impact of slag on the UCS could be ascribed to better cementing char-
acteristics and higher reactivity compared to fly ash. The high content of
CaO plays an essential role in increasing the activation process and early
age strength [65]. Furthermore, the high CaO content can produce a C-S-
H/CA-S-H gel, thus altering the microstructure of the geopolymer grout
mixture and further enhancing the mechanical properties [120]. Also,
the formation of C-A-S-H gels would condense the microstructure and
reduce the porosity of the geopolymer grout. A similar trend has been
reported by Puertas et al. [121], Zhao et al. [122], and Lee and Lee
[123], who assessed the effect of the slag amount on strength properties
of alkali-activated fly ash/slag based geopolymer concrete; they re-
ported that the compressive strengths increased with the increasing slag
content, which in agreement with results of the present investigation.
On other hand, the strength properties of MG and CG grouts were
evaluated at different ages, such as 7 and 28 days. It was observed that
UCS of all mixtures (except for CG-100SOF) increased with the
increasing age because all samples were cured at room temperature and
the geopolymerization reaction at these conditions was lower than the
samples exposed to heat curing for that reason, the samples with higher
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Fig. 12. Influence of molarity of NaOH on the unconfined compressive strength (UCS) of MG and CG-based grout.

age curing (28 days) showed higher strength properties than samples
cured at 7 days due to the completion of geopolymerization process at
long-ages [124]. Also, the UCS of CG-100SOF samples showed a reduc-
tion in strength at 28 days in comparison with the strength of the same
samples at 7 days as seen in Fig. 10c. The UCS of CG-100SOF was 8.72
MPa and 8.01 MPa at 7 and 28 days, respectively. Whereas the UCS of
MG samples did not experience any reduction in the unconfined
compressive strength at 28 days, nonetheless, the UCS of MG samples
increased from 8.06 MPa to 9.76 MPa at 28 days. Furthermore, the shape
of CG-100SOF samples at 28 days demonstrated apparent cracks on the
surface of samples compared to the samples at 7 days, as shown in
Fig. 11. The cracks appearance in CG samples with 100% slag content
was mainly attributed to the more obvious shrinkage at 28 days than 7
days. The experimental findings demonstrated that higher slag ratios led
to higher shrinkage, particularly at long ages of hydration which nega-
tively reduced the UCS of CG grout.

Fig. 12 showed that the molarity of sodium hydroxide significantly
affected the UCS results at 7 and 28 days. Generally, the UCS of MG and
CG grouts increased with the increase in molar concentration. As seen in
Fig. 12, the experimental results showed that the highest UCS was
recorded at 3.75 M at all ages and different slag content. For instance,
the UCS of CG-75S25F increased by 46% and 114%, while the UCS of
MG-75S25F increased by 45% and 79% at 2.5 and 3.75 M at 28 days,
respectively when compared to 1.25 M. The enhancement in strength is
frequently controlled by the quantity of leached alumino-silicates from
the source materials, therefore, the increase in sodium hydroxide con-
certation leads to higher Si** and AI** dissolved, resulting in a strong
geopolymeric network. Also, the dissolution at low molarity of NaOH
demonstrated that OH ™ ions were not sufficient to break the Al-Si bond,
which led to producing a few numbers of silicate and aluminate tetra-
hedral monomers. Whereat OH™ ions at high molarity broke all the Si-Al
bonds and formed more silicate and aluminate tetrahedral monomers,
and the dissolution was completely done at this stage. Consequently, it
condensed the microstructure and improved the mechanical properties
of geopolymer grout [125,126]. More, the Na' cation balanced the
charge deficit of the matrix. Leaching was slow at low alkaline con-
centration, resulted in a weak polymeric structure, consequently
decreased the compressive strength [110].

For validation of unconfined compressive strength results, an ultra-
sonic pulse velocity (UPV) test was conducted for both MG and CG
grouts, as displayed in Fig. 13. It is clear that the UPV values increased
with the increased curing time for both MG and CG grouts, and the
hardened of all the produced samples categorized between very low
velocity to low velocity by UPV values [88]. The results indicated that
the activation method had an important role in the UPV values, as seen
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in Fig. 13. The UPV of MG100SOF, MG75S25F, MG50S50F, and
MGOS100F were 1749, 2109, 2280, and 2761 while the UPV of
CG100SOF, CG75S25F, CG50S50F, and CGOS100F were 1713, 1912,
2136, and 2686 respectively (Fig. 13c). It can be proved that the
mechanochemical process is more advantageous than the traditional
activation method in increasing the UPV values because the grinding
method of source material decreased the particle size and increased the
surface area of fly ash and slag particles which led to reduce the porosity
and increased the density of geopolymer grout. Also, the geo-
polymerization reaction of geopolymer grout significantly increased
after the grinding process due to the formation of additional alumino-
silicate gel in the mixture, decreasing the porosity and enhancing the
reactivity of slag and fly ash particles [42]. Both MG and CG grout
showed the highest UPV values among all the studied mixes when the fly
ash-based geopolymer grout was fully replaced with a slag binder. This
can be related to the increased density of slag-based grout samples
compared to the samples of fly ash-based grout, which contributed to
reducing the porosity and condense the microstructure of geopolymer
grout [57,127,128]. Furthermore, the increase in the molarity of sodium
hydroxide was revealed to have a significant effect on the UPV values. In
other words, the UPV was found to increase with the increase of the
molar concertation, and the highest UPV values were recorded at 3.75 M
owing to the high molarity of NaOH solution enhanced the dissolution
process of silica and alumina-based source materials, which eventually
increased the polycondensation process of geopolymer grout [129]. On
other hand, the relationship between the UCS and UPV values for CG
and MG grout samples after 28 days is presented in Fig. 14. The MG
grout has a higher correlation coefficient (0.886 < R? < 0.968) than the
CG grout (0.692 < R? < 0.916). The results reveal a strong correlation
between UCS and UPV of geopolymer grout (except for the CG grout
with 3.75 M).

In this study, the variation in bulk density for both MG and CG grouts
was assessed, as shown in Fig. 15. The results showed that MG samples
exhibited a higher density than samples of CG grout. In general, the
density of MG samples was 4 %, higher than CG. The high density of MG
samples was due to the effect of the ball-milling of slag /fly ash and
chemical powder (sodium metasilicate and sodium hydroxide) which
led to an increase in the surface area and the reactivity of geopolymer
grout. Increased reactivity of source materials led to the formation of
more gel as the main reaction product, which reduced the porosity and
increased the density of MG grout [130]. Also, slag replacement played a
vital role in increasing the density of both MG and CG grouts. The
density effectively increased with the increase in slag content, the
samples with the 100% slag showed the highest density among all the
mixes compared with the samples of fly ash-based geopolymer grout.
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Fig. 13. Ultrasonic pulse velocity (UPV) of MG and CG-based grout, (a) 1.25 M;
(b) 2.5 M; (c) 3.75 M.

This is mainly because slag possesses a higher specific gravity (2.9) than
fly ash (2.2).

Similar to the results of UCS and UPV, the bulk density of MG and CG
grouts increased with the increase in molar concentration of sodium
hydroxide, as shown in Fig. 15. Generally, the density of MG grout
increased by 5% and 11% at 2.5 and 3.75 M compared to control sam-
ples (1.25 M). Similar behavior was detected for the CG grout. The re-
sults demonstrated that low molar concentration contributed to a low
density for geopolymer grout as it contained a lower NaOH concentra-
tion. Normally, an increment in the density of geopolymer grout is
accompanied by an increase in the impact strength. Because of the high
concentration of NaOH solution, it produces a greater dissolution pro-
cess from the leaching of silica and alumina. This great dissolution
process will contribute to the increase in geopolymerization reaction
[129]. Similar results were reported by Abdullah et al. [125], and they
showed that the dissolution at low molarity of NaOH demonstrated that
OH" ions are not sufficient to break the Al-Si bond, which led to pro-
ducing a few numbers of silicate and aluminate tetrahedral monomers.
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Whereas OH™ ions at high molarity broke all the Si-Al bonds and formed
more silicate and aluminate tetrahedral monomers and the dissolution
was completely done at this stage, consequently condensed the micro-
structure and improved the mechanical properties of geopolymer grout.

4. Conclusions

This study aimed to investigate the behavior of mechanochemical
activation of geopolymer grout in comparison with the conventional
activation of geopolymer grout. The effect of slag to fly ash ratio and the
molarity of sodium hydroxide of both MG and CG grouts were assessed
through rheological properties (yield stress and plastic viscosity), fresh
properties (bleeding and setting time), mechanical properties (uncon-
fined compressive strength and ultrasonic pulse velocity), and micro-
structure properties (scanning electron microscopy analysis). The
conclusions were as follows:

e The results proved that the mechanochemical activation of geo-

polymer grout was safer and easier to handle than the conventional

activation because it eliminated the use of hazardous alkali activator
solution.

The SEM results showed that the particles size of MG powder was

reduced, and the shape was slightly changed after grinding, which

caused an increase in the surface area of particles that contributed to
the formation of additional alumina and silica, which further
improved the reactivity of MG powder based-geopolymer grout.

e The activation method (particularly mechanochemical activation)
significantly affected the initial apparent viscosity of geopolymer
grout. Therefore, the initial apparent viscosity of MG samples
demonstrated a reduction approximately by 38% less than that
samples of CG grout at the same conditions. Also, the increase in slag
content and molar concentration significantly increased the initial
apparent viscosity of all geopolymer grouts despite the activation
method.

e Both MG and CG grout mixes exhibited shear thickening behavior
(increasing apparent viscosity with increasing shear rate), and the
yield stress and plastic viscosity of MG and CG grouts generally
increased with increasing slag content and molarity. Furthermore,
mechanochemical activation has a considerable influence on the
rheological characteristics of geopolymer grout compared to the
behavior of conventional geopolymer grout. The MG grout showed a
lower yield stress and plastic viscosity than the CG grout. The yield
stress and plastic viscosity of MG grout are 0.701-4.1 Pa and
0.0029-0.0389 Pa. s, respectively while CG grout has yield stress
ranging from 1.37 to 6.04 Pa and a viscosity of 0.0044-0.052 Pa.s.
Setting time was significantly affected by activation method, slag
content, and molarity. The obtained results exhibited that the MG
grout had 24.5%, and 20% shorter initial and final setting time as
compared with the CG grout respectively. Also, the setting time
decreased with the increase in slag content and molarity of sodium
hydroxide.

The bleeding capacity of MG grout was 34% lower than that CG grout

which means that the particle size was reduced and the surface area

was increased due to the mechanochemical activation mechanism.

Also, the bleeding capacity of all the mixtures, regardless of the

activation method, decreased with the increase in slag content and

molar concentration.

The experimental results indicated that the unconfined compressive

strength of the MG grout was higher than the CG grout. The UCS of

MG-0S100F, MG-50S50F, MG-75S25F- and MG-100SOF increased by

44%, 23%, 8%, and 22% in comparison with its counterpart of CG

grout at the same conditions. This increment was attributed to the

increase in surface area or reduction in particle size of raw materials
due to the effect of mechanochemical grinding.

The obtained results showed that the increase in slag content greatly

impacted the mechanical properties of geopolymer grout. The UCS
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Fig. 15. The bulk density of MG and CG-based grout.

increased gradually with the increasing slag content thus, UCS of MG
grout increased by 75% when the slag content increased from 50%-—
75% and 12% when the slag increased from 75%-100% at 28 days.
Also, the UCS of both MG and CG grouts increased with the
increasing molarity of sodium hydroxide owing to the increase in
sodium hydroxide concertation leads to higher Si** and AI** dis-
solved, resulting in a strong geopolymeric network.

Recommendations
More in-depth investigations must be conducted to thoroughly assess

the effect of an increase in the initial temperature on the rheological
properties of mechanochemical activation geopolymer grout.
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