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Abstract: The environmental and economic problems caused by gangue accumulation continue to
worsen. Therefore, the implementation of a cost-effective method for utilizing gangue resources
is urgent. In this study, different gangue powder (GP) contents (0%, 10%, 20%, 30%, 40%, and
50%) for mechanical-thermal activation were used to modify a fly ash-based geopolymer (FAG).
Further, the effect of GP was revealed by investigating the setting time, fluidity, porosity, water
absorption rate, mechanical properties, drying shrinkage, and microstructure. Results showed that
the addition of GP reduced the fluidity and setting time of gangue powder—fly ash-base geopolymer
(GPFAG), improved density, and decreased the water absorption rate of GPFAG. Moreover, its
mechanical properties gradually improved. Compared with GPFAGO (FAG with 0% GP), the 28-d
compressive and flexural strengths of GPFAG50 (FAG with 50% GP) increased by 246.4% and 136.8%,
respectively. The incorporation of GP increased the drying shrinkage. The results of XRD and FTIR
analyses showed that the addition of GP increased the production of amorphous silica—aluminate
gels, such as N-S5-A-H and C-5-A-H. Moreover, strong Si-O-T vibrational peaks appeared in the range
743-1470 cm ™}, characterizing the GPFAG strength and reaction degree.

Keywords: geopolymer; gangue powder; mechanical properties; drying shrinkage; microstructure

1. Introduction

China is the largest consumer of coal in the world. Coal resource utilization generates
large amounts of solid waste, such as fly ash (FA) and gangue. Solid waste is a critical factor
affecting the sustainable development of society [1-3]. Devising a method for efficiently
utilizing solid wastes to alleviate environmental pressure and realize the recycling of
coal resources is a current research focus. In the late 1970s, a new silica—aluminate gel
material with a three-dimensional reticular spatial structure ranging from amorphous
to semi-crystalline was prepared by French scholar Joseph Davidovits using an alkaline
solution and metakaolin, naming it ground geopolymer [4,5]. Less harmful gases, such as
CO, COy, and SOy, are generated during the production and preparation of geopolymers.
Moreover, they exhibit high-quality characteristics such as early setting, early strength,
high durability, and high fire resistance. Consequently, they have received considerable
attention from local and international scholars.

Gangue is a by-product of coal mining and washing and mainly includes three major
categories: digging gangue, coal selection gangue, and natural gangue. accounting for
10-20% of the total coal mixture [6-8]. The massive accumulation of gangue will cause dust,
spontaneous combustion, etc., and the sulphide contained in it will pollute the atmosphere
and water sources. This will cause further harm to the environment and, at the same
time, pose a great danger to health [6]. In recent years, gangue has typically been used as
concrete aggregate [9,10]. Some scholars have investigated and proposed the replacement
of traditional coarse aggregate by crushed gangue to produce concrete [11-15]. They found
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that the strength of gangue concrete is approximately 20% lower than that of ordinary
concrete [11,13]. The production of concrete consumes considerable amounts of energy
and resources. Therefore, a greener and more environmentally friendly approach must
be implemented to deal with gangue. The main components of gangue are Si and Al,
which can be used as raw materials for geopolymer preparation. Moreover, compared with
the production of cement-based materials, the preparation of geopolymers consumes less
energy and generates fewer carbon emissions. In the field of construction, geopolymers
exhibit desirable characteristics, such as high corrosion resistance and excellent mechanical
properties and durability [16]. Accordingly, the use of geopolymer technology to treat
gangue can realize gangue resource utilization. Moreover, with this technology, a high-
performance green building material can be produced to replace traditional cement and
reduce carbon production and energy consumption.

The internal crystal structure of gangue is considerably stable, and its organic carbon
content is high. Consequently, the activity of gangue’s volcanic ash is extremely low; it
must be activated before gangue can be utilized. The main techniques that can be em-
ployed for this purpose include mechanical, thermal, chemical, and microwave activation
methods. However, the reactivity of gangue is difficult to stimulate completely [17-19].
Accordingly, the mechanical-thermal composite activation of gangue powder (GP) has
been widely studied [20-24]. Ma et al. [22] prepared alkali-excited gangue—slag concrete
after calcination at 700 °C and found that its durability was better than that of ordinary con-
crete. Beata et al. [25] found that geopolymer samples exhibited the best compressive and
flexural strengths when the particle size range of gangue powder (GP) was below 200 pm.
Mateusz et al. [26] Mateusz et al. found that geopolymer foams from gangue had stable
mechanical properties at temperatures up to 600 °C by investigating the refractoriness
of gangue-based polymer foam concrete. Qiu et al. [27] employed microwave activation
at 600-700 °C to prepare Coal Gangue-based Green Cemented Filling Body (GPGCEFB).
They found that increasing the gangue substitution rate could fill the pores inside the
concrete matrix and improve working performance. The activated gangue also had ex-
cellent volcanic ash and microaggregate effects. Frias [28] activated the volcanic ash of
gangue using mechanical and thermal activation composites. Li [29] used a hydrothermal
technique to calcine gangue with CaO to create a high-calcium bonding system, thereby
improving gangue activity. Zhao et al. [30] found that the calcination temperature and
holding time played decisive roles in the thermal activation of gangue. Moreover, the
preparation of geopolymer using calcined gangue revealed that the internal hydration
products of the matrix were mainly N-A-S-H gels. Frasson et al. [31] found that the strength
of the geopolymer prepared by calcining the gangue at 700 °C was only approximately
21 MPa at 28 d, and the dry shrinkage performance was high. Guo et al. [32] found that the
geopolymer prepared by calcining gangue at an appropriate temperature had improved
microscopic pore structure, fewer harmful pores, and improved collective compactness,
thus enhancing its mechanical properties. Dong et al. [33] prepared cement mortar by
calcining the fine aggregate of gangue at different fineness values. Results showed that
the mechanical properties of test blocks improved with decreasing gangue fineness. Con-
siderable amounts of FA, a major solid waste by-product of coal-fired power plants, are a
convenient and readily available source not only of aluminosilicate for geopolymers but
also of aluminosilicate with relatively high reactivity in alkaline media. Studies on the
use of geopolymer technology to treat gangue are limited. Similarly, investigations on the
mechanism for the geopolymerization of gangue and FA as well as the effect of gangue on
the performance of FA-based geopolymers (FAGs) are few.

In this study, the effect of GP addition on the mechanical properties of geopolymer
was mainly investigated. Additionally, the effects of GP on the setting time, flowability,
porosity, water absorption, and drying shrinkage of the geopolymer slurry were also
investigated. X-ray diffraction (XRD) was used to investigate mineral phase changes during
the reaction process. The functional groups in the reaction products were identified by
Fourier transform infrared spectrometer (FTIR), which described the microscopic properties
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of the geopolymer, revealed the effect of GP on the properties of FAG, and provided a
theoretical basis for the utilization of gangue as a civil engineering material.

2. Materials and Methods
2.1. Materials

The gangue used in this study was unburnt gangue obtained from the Ningxia region
of China. It was crushed into small pieces by a jaw crusher and then screened to a particle
size of less than 2.36 mm. The gangue was ground in a planetary ball mill at 300 rpm for
60 min. The apparent density of the calcined GP was 2575 kg/m?, and the fly ash (FA) was
obtained from the class F fly ash produced by the Ningdong Yuanyang Lake Power Plant in
Ningxia, China, with an apparent density of 2130 kg/m?3; their XRD pattern characteristics
are shown in Figure 1. The GP and FA crystalline phases are mainly quartz, kaolinite, and
a small amount of calcite. And the compositions of GP and FA were all highly reactive Si,
Al, and natural raw materials for geopolymer preparation. They react vigorously under
alkaline conditions. This favors the development of geopolymer properties. The chemical
compositions of GP and FA were determined by XRF, and the detailed results are listed
in Table 1. Their particle size distributions are shown in Figure 2. Liquid waterglass has
an initial modulus of 3.3; and NaOH with 98% purity and flake-like particles was used to
adjust the modulus of the waterglass.

* & — Quart
v — Kaolinite
¢ — Limestone

10 20 30 40 50 60 70
20/(%)

Figure 1. XRD analysis spectrum of GP and FA.
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Particle Size (pum)

Figure 2. Particle size distribution.
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Table 1. Chemical composition (%).

Materials A1203 5102 Fe203 CaO Na20 K20 SO3
FA 26.38 47.85 8.43 5.81 1.11 222 1.94
GP 25.1 58.5 5.81 425 0.551 2.56 0.445

In this experiment, the base ratios used are as follows: liquid—solid ratio, 0.4; cement-—
sand ratio, 1:2.75; alkali exciter modulus, 1.4; and concentration, 27%. The percentage of
GP used as FA replacement is 10-50% with a 10% gradient. To study the effect of GP on the
performance of FAG, the specific ratios are listed in Table 2.

Table 2. Calcined gangue-FAG ratio (kg/m?3).

Alkali Exciter
Code FA GP Sand - Water
Na;SiO3 NaOH

GPFAGO 480 0
GPFAG10 432 48
GPFAG20 384 96
GPFAG30 336 144 1320 164.24 27.76 119.9
GPFAG40 288 192
GPFAG50 240 240

2.2. Specimens

To flake analytically pure NaOH, Na,SiO3 solution was first added and then stirred
with a glass rod until NaOH was completely dissolved. Consequently, a waterglass solution
with a modulus of 1.4 was prepared and subsequently used after resting for 24 h.

The geopolymer mortar was mixed using a JJ-5 cement mortar mixer produced by
Wuxi Xiyi Building Material Instrument Factory. River sand, FA, and GP were poured into
a mixing pot and slowly stirred for 1 min. An alkali exciter and water were poured into the
pot and slowly stirred for 2 min. The slurry was rapidly stirred for 2 min and then poured
into a 40 mm x 40 mm X 160 mm triplex mold. It was vibrated and pounded for 60 s,
overlaid with film, placed in a standard maintenance room with a relative humidity of 95%,
and maintained for 24 h. After demolding, it was transferred to the standard maintenance
room until it reached a specified curing age before it was tested.

2.3. Test Procedure

To determine the workability of GPFAG, the setting time was measured according to
the method provided in the literature [34] with the help of the NJ-100S digital display mortar
setting time tester produced by Hebei Blue Star Construction Instrument Co. (Langfang,
China) The flowability of the freshly mixed mortar was determined by the jumping table
method [35]. The maximum spreading diameter of the bottom surface of the paste and the
diameter perpendicular to it were measured using calipers, respectively, and the average
value of them was recorded as the flow value. The porosity and water absorption of the
test blocks were also calculated by using Equations (1) and (2) provided in the standard
ASTMC 642-13 [36]. Using a YAW-300F universal press (Figure 3) and the cement mortar
strength test method (an ISO method) [37], with three specimens in each group, the loading
rates were 2.4 kN /s and 50 N/s, respectively. Using an SP-175 vertical mortar shrinkage
and expansion instrument (Figure 4), the drying shrinkage of FAG at0, 1, 3, 5, 7, 14, 28, 56,
and 90 d was measured according to the relevant provisions of JGJ/T70-2009 [34]:

B- A
Water absorption = R 100% @
. C—-A o
Porosity = cC-D x 100% (2)



Materials 2023, 16, 5719

5o0f 14

where A, dry mass after drying at 110 & 5 °C for 24 h; B, saturated mass after boiling for
5 h and cooling naturally for 5 h; and D, apparent mass of the wire suspended in water.

Figure 4. Vertical mortar shrinkage and expansion meter.

To avoid systematic errors in characterizing the samples (prepared by cutting or
crushing) with potential microcracks formed under stress, the cores of samples that cracked
after compressive strength tests were used. These cores were immersed in anhydrous
ethanol for 3 d, followed by vacuum drying at 60 °C. The dried specimens were ground
and passed through a 200 mesh sieve for XRD phase testing using an X'Pert powder X-ray
diffractometer; the scanning range (260) was 5-75° in 0.02° steps. The molecular structure
and chemical bonding of the samples were also investigated using a Nicolet 5DXC Fourier
Infrared Spectrometer (FTIR) (Thermo Scientific, Waltham, MA, USA) with a scanning
wavelength in the range of 400-4000 cm~ 1.
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3. Results and Analyses
3.1. Setting Time

The effect of GP on the setting time of GPFAG is shown in Figure 5. The figure shows
that with the incorporation of GP, the setting time of GPFAG is significantly reduced. The
initial and final setting times of FAG are 294 and 409 min, respectively. Low-calcium FA
has extremely low activity; consequently, its hydration level under alkaline conditions
is also low. Moreover, the low Ca?* content leads to the inability to form the C-(A)-S-H
gel required for the rapid setting of GPFAG; consequently, the setting time is extremely
long. When the amount of added calcined GP reaches 50%, the initial and final setting
times of GPFAGS50 are reduced to 193 and 297 min, respectively; these are 34.4% and
27.4% shorter than those of FAG, respectively. This indicates that the added GP accelerates
the reaction rate of FAG. The coagulation time of a geopolymer mainly depends on the
amounts of alkali exciter and active Si** and AI3* in the raw material [38,39]. In this study,
the amount and concentration of the alkali exciter were constant in all groups. When the
GP admixture is increased, the active Si content of GPFAG gradually increases, and the
Si0,—Al,O3 molar ratio in the formed matrix increases. This leads to an increase in the
reaction level of the slurry at an early stage. Eventually, the setting time of the GPFAG will
be significantly reduced.

325 425
—i=Initial setting time
~ == Final setting time

= 400

=]

1
wn
/min

me

< 350.

775 L

Initial setting time/min
(S
™

1
S
Final setting t

< 300

200

4275

175 1 1 1 1 1 1 ﬁ5“
0 10 20 30 40 50
Contents of GP/%

Figure 5. Setting time of GPFAG with different GP contents.

3.2. Fluidity

Figure 6 shows the effect of different GP contents on the fluidity of FAG. The figure
shows that the fluidity of GPFAGO is 215 mm. With increasing GP content, the degree of
flow of GPFAG decreases. With the addition of GP, the fluidity values of GPFAG in the
experimental range are 205, 193, 179, 163, and 151 mm; these are 4.7%, 10.2%, 16.7%, 24.2%,
and 29.8% lower than those of GPFAGQ, respectively. The change in the fluidity of GPFAG
is mainly attributed to the variations in the physical properties of raw materials. After fine
grinding, the GP particles become smaller; this increases the specific surface area, which
exceeds that of FA. Gangue has a high burn loss, and the GP after calcination at 600 °C has
strong water adsorption [32,40]. The water absorption rate of the calcined GP can reach
32.4%, which is much higher than that of the FA (22.1%). The synergistic effect of various
factors causes the GPFAG to consume more water during the mixing process. Finally, the
fluidity of GPFAG is reduced.
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Figure 6. Fluidity of GPFAG with different GP contents.

3.3. Porosity

As shown in Figure 7, the effect of various GP contents on the porosity of FAG is
tested. The figure indicates that the porosity of FAG decreases with increasing GP content.
The porosity of the test block is 25.5% when GP is not incorporated. The porosity values
of GPFAG under the experimental conditions are 25.2%, 24.9%, 24.5%, 24.0%, and 23.7%,
which are 0.3%, 0.6%, 1.0%, 1.5%, and 1.8% lower than the porosity of GPFAGO, respectively.
This is because calcined GP has high activity and a considerable volcanic ash effect. With
the incorporation of GP, the level of depolymerization—condensation reaction inside the
geopolymer increases, and the silica-aluminate cementitious materials generated, such as
N-A-S-H, C-5-(A)-H, etc., precipitated rapidly inside the test blocks and filled the pores
to a certain extent [27,30]. Moreover, the apparent density of GP is higher than that of FA,
which leads to the rapid precipitation of substances generated by the reaction inside the
matrix along with unreacted GP to fill the pores. Consequently, compactness is enhanced,
and porosity is reduced [40].

25.8

%55F &

%52} \

Porosity/%
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Figure 7. Porosity of GPFAG with different GP contents.
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3.4. Water Absorption

Figure 8 depicts the effect of different GP contents on the water absorption rate of the
GPFAG. The water absorption rate of the geopolymer is observed to decrease gradually
with an increasing GP substitution rate. When GP is not incorporated (GPFAGO0), the water
absorption rate reaches 10%. When GP, whose activity is higher than that of FA, is activated,
the depolymerization—condensation reaction inside the test block accelerates. Moreover,
the amount of product generated increases and fills the internal pores of the test block.
This causes the internal structure of the matrix to become more compact, preventing the
entry of a considerable amount of external water into the matrix [28]; eventually, porosity
decreases. Under the experimental conditions, with the incorporation of 10-50% GP (at
10% increments), the water absorption rate of the matrix decreases by 0.2%, 0.4%, 0.7%,
1.0%, and 1.2%, respectively, compared with that of GPFAGO.

10.2

10.0 §
\§

Water absorption rate/%
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Figure 8. Water absorption rate of GPFAG with different GP contents.

3.5. Compressive Strength

Figure 9 depicts a schematic of the compressive strength of the GPFGA versus different
GP contents. The figure indicates that under the same conditions, the compressive strength
increases with the GP content. The compressive strengths of GPFAGO at 3, 7, and 28 d
are 1.4, 2.7, and 5.5 MPa, respectively. When the GP content reaches 50% (GPFAG50), the
compressive strengths at 3, 7, and 28 d are 6.2, 9.3, and 19.1 MPa, respectively; these are
345.2%, 243.2%, and 246.4% higher than those of GPFAGO, respectively. The foregoing
indicates that the incorporation of GP substantially improves the compressive strength
of GPFAG. The addition of GP can promote the formation of numerous composite struc-
tures. These structures improve the stability of the internal structure of the GPFAG while
forming a dense ground geopolymer matrix. The greater the GP content, the more dis-
tinct the phenomenon. In addition, after the calcination of gangue, volcanic ash activity
increases significantly. A considerable amount of GP admixture improves the level of
depolymerization—condensation reaction inside the FAG matrix, generating a considerable
amount of amorphous N-A-S-H and C-5-(A)-H gels. When subjected to external load,
these generated gels play a certain role in supporting and protecting the interior of the
matrix [32], thus improving the compressive strength of GPFAG, which is more similar to
the results in the literature [31].
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Figure 9. Compressive strength of GPFAG with different GP contents.

3.6. Flexural Strength

The effects of different GP contents on the flexural strength of GPFAG are shown in
Figure 10. Similar to the effect of GP on compressive strength, the GP admixture has a
positive effect on the flexural strength of GPFAG; that is, the flexural strength of GPFAG
increases with the GP content. The flexural strengths of GPFAGO at 3, 7, and 28 d are
0.8, 1.0, and 1.4 MPa, respectively. When the GP content is 50% (GPFAG50), the flexural
strengths at 3, 7, and 28 d increase to 2.0, 2.4, and 3.7 MPa, which are 150%, 143.3%, and
136.8% higher than those of GPFAGO, respectively. The flexural strength of a geopolymer is
related to its pore space [41,42]. The GP particles became smaller through fine grinding
and calcination, improving the microaggregate effect. After the incorporation of GP, the
pore structure inside the GPFAG matrix improves due to the microaggregate effect. This
enhances the internal density, consequently improving the flexural strength of GPFAG.
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Figure 10. Flexural strength of GPFAG with different GP contents.
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3.7. Drying Shrinkage of Geopolymer Specimens

The effect of GP on the drying and shrinkage properties of the geopolymer is shown
in Figure 11. The shrinkage rate of GPFAG gradually accelerates during the test period,
particularly from 0 to 14 d, and then decelerates from 14 to 28 d. The shrinkage rate of
GPFAG on day 28 can reach 1228.1 x 10~°. The incorporation of GP evidently increased
the drying shrinkage rate. On day 28, under experimental conditions, the shrinkage rates
of GPFAG with different GP contents are 1274.3 x 107, 1312.9 x 107, 13429 x 10~
1422.8 x 1079, and 1457.6 x 10~%, which are 3.76%, 6.91%, 9.35%, 13.9%, and 18.9% higher
than those of GPFAGO, respectively. This is because during the internal hydration of
GPFAG over time, water is gradually consumed by the reaction under dry conditions, and
some of the water evaporates [43]. Moreover, water is the reaction medium for the internal
depolymerization—condensation reaction in GPFAG. However, most of the gelling material
in GPFAG and the resulting silica—aluminate gels do not chemically bond with water [44].
The water in the matrix gradually evaporates under drying conditions as the internal
depolymerization—condensation reaction continues. This causes the water demand and
water loss inside the matrix to increase simultaneously, resulting in the drying shrinkage
of GPFAG.

1600
1400 |
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‘w"clzoo - —"
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©1000 |-
]
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o0 —a— GPFAGO
; —e—GPFAGI0
A —a— GPFAG20
—v— GPFAG30
GPFAG40
GPFAGS0
1 N 1 L 1 M 1 L l N 1
15 30 45 60 75 90

Age/days
Figure 11. Drying shrinkage of GPFAG with different GP contents.

3.8. XRD Analysis

The XRD patterns of the GPFAG with different GP concentrations after 28 d of curing
are shown in Figure 12. The figure indicates that the GP admixture has a considerable
effect on the characteristic diffraction peaks of GPFAG. The main composition of GPFAGO
is a quartz phase with a small amount of silica—aluminate gel. The incorporation of
GP does not generate a new crystalline phase inside the FAG matrix. Additionally, the
diffraction peaks of the quartz phase inside the matrix gradually decrease, whereas those
of the silica—aluminate gel phase gradually increase. This indicates that the addition of GP
improves the reaction level inside the matrix. The unreacted GP and FA particles can be
firmly embedded in and wrapped by the microstructure, thus improving the mechanical
properties of GPFAG. Further, the existence of wide diffraction peak packets in the range
15-40° indicates that the hydration products of the geopolymer are mainly amorphous
silica—aluminate gels [45,46], such as N-A-5-H, C-A-S-H, and C-5-H, which are mainly
related to the high reactivity of GP.
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Figure 12. XRD pattern of GPFAG with different GP contents.

3.9. FTIR Analysis

The phase transition (molecular and bond structures) of the GPFAG is detected based
on FTIR absorption peaks. Figure 13 shows the FTIR analysis of the GPFAG samples con-
taining different amounts of calcined GP at 28 d. A significant hydroxyl (-OH) vibrational
peak occurs at 3437 cm~!, and a -OH bending vibrational peak is observed at 1637 cm !,
characterizing the chemically bound water produced during geopolymerization [47]. The
unreacted FA and small amount of GP, as well as the reaction products in the composi-
tion, are SiO4 and AlO;, tetrahedral structures. The strong absorption bands from 743 to
1470 cm ! correspond to the asymmetric stretching vibration peaks of the Si-O-Si and
Al-O-5i bonds. These indicate the occurrence of depolymerization-condensation reactions
and the generation of more amorphous silica—aluminate gels. The N-A-5-H and C-(A)-S-H
gels potentially compete with the crystalline phases in the unreacted raw material, resulting
in a higher intensity of the vibrational peaks with increasing GP doping. This can indicate
the formation of a continuous mesh of [Si] O-FAG [48,49]. As shown in the figure, the
intensity of the absorption band at 1028 cm~! increases with GP doping, indicating an
increasing degree of depolymerization—condensation reaction. This is typically related
to the formation of N-A-S-H and C-(A)-S-H gel phases inside the geopolymer [50]. The
presence of Al-O near the 743 cm ™! characteristic peak indicates the precipitation of [AlOg]
in the matrix [51]. This precipitation is enhanced with increasing GP content, showing
that the depolymerization—condensation reaction is more adequate at this time. This is the
reason for the subsequent increase in the strength of GPFAG with increasing GP content.

GPFAG50 Si-O-Si

GPFAG40
GPFAG30

GPFAG20
GPFAGI10

Transmittance/%

GPFAGO

4000 3500 3000 2500 2000 1500 1000 500
Wave number/cm™!

Figure 13. FTIR spectra of GPFAG with different GP contents.
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4. Conclusions

(1) The setting time of GPFAG can be improved by adding GP; it significantly decreases
with increasing GP content. Influenced by the liquid-solid ratio, the addition of 50%
GP (i.e., GPFAGS50) reduces the fluidity, porosity, and water absorption rates by 29.8%,
1.8%, and 1.2%, respectively, compared with those of GPFAGO.

(2) The incorporation of GP improves the mechanical properties of GPFAG, and strength
increases with the GP content. The 28-d flexural and compressive strengths of GPFAG
with 10-50% (at 10% intervals) GP content compared with those of GPFAGO increase
by 136.8% and 246.4%, respectively.

(3) Based on the drying shrinkage results, the addition of GP induces an increase in the
drying shrinkage of FAG due to a simultaneous increase in water demand and water
loss within the matrix under drying conditions.

(4) The XRD and FTIR analyses show that the incorporation of GP reduces the amount of
unreacted quartz phase inside the matrix. The addition of GP substantially enhances
the depolymerization—condensation reaction inside the matrix. Moreover, GP doping
generates a considerable amount of amorphous silica—aluminate gels, which contain
substantial amounts of Si-O-5i, Si-O-Al and chemically bound water. This contributes
to the formation of a dense, continuous, three-dimensional network structure, which
enhances the strength of GPFAG.
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