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Abstract

Waste glass enhances concrete sustainability by reducing virgin material use and recycling waste. In traditional concrete,
it boosts strength through pozzolanic reactions, while in geopolymer concrete, it improves durability, insulation, and
resistance to harsh conditions. This study investigated the viability of substituting auto glass powder (AGP) for high-
calcium fly ash (FA) in geopolymer mortar formulations. AGP was utilized as a substitute for high-calcium FA at
substitution levels ranging from 0% to 40% by weight. The study examined the physical properties, compressive strength,
thermal insulation, and high-temperature performance of the geopolymer composites. The findings indicated that a higher
AGP content corresponded with a reduced mortar flow, while increasing the proportion of AGP resulted in the diminished
compressive strength of the geopolymer composites. Incorporating 10-20% AGP into the geopolymer mortar gave
satisfactory compressive strengths (75-85%) compared to the reference mortar. Thermal conductivity testing indicated that
AGP enhanced the thermal insulating properties of mortar. Notably, the compressive strength, after being exposed to 600
900°C, improved with the inclusion of the AGP. Based on XRD, the combeite crystalline phase was present in the mortars
containing 20% and 40% AGP after being subjected to 900°C. This phase contributed to the durability and stability of the
material. Thus, it was confirmed that AGP not only served as a beneficial additive but also could play a crucial role in the
thermal resilience of geopolymer systems.

Keywords: Waste Glass; Coal Ash; Recycled Powder; Supplementary Material; Alkali-Activated Composite.

1. Introduction

Integrating recycled glass into concrete production supports environmental sustainability by reusing waste materials
and decreasing reliance on new raw materials. Incorporating glass augments cement concrete’s compressive strength
due to the inherent pozzolanic characteristics of glass that facilitate pozzolanic reactions and support a densely
consolidated concrete matrix. The ultrafine glass powder can be used as a filler, thereby enhancing the overall
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mechanical attributes of the concrete composite [1-4]. In addition to its use in traditional concrete, glass powder and
other waste materials play a valuable role in geopolymer concrete, offering a reduced carbon footprint compared to
traditional cement-based materials [3, 5]. Incorporating waste glass into ultra-high-performance geopolymer concrete
improves workability but may reduce the compressive strength under ambient curing. However, it enhances durability,
providing better strength retention in harsh environments, making it suitable for sustainable construction [6]. Replacing
fly ash with recycled glass powder in geopolymer concrete led to a 3.1% reduction in compressive strength due to lower
reactivity, which impeded strength development. However, substituting some of the sand with gold mine tailings
improved the compressive strength through a filler effect, owing to their fine particle size [7]. The use of waste glass
powder as a substitute for fly ash in the geopolymer composite significantly increased the workability and compressive
strength, with an optimized waste glass powder content (10-20%) resulting in a dense and homogenous geopolymer
matrix with the highest compressive strength and an acceptable compressive strength of approximately 90% compared
to the reference paste sample [8]. As conventional geopolymer precursors, such as fly ash, metakaolin, and slag, are
becoming scarce, waste glass powder is a good source of geopolymer precursors to supplement those of aluminosilicate
materials. The integration of glass powder in geopolymer concrete could modify the microstructure by promoting the
formation of strong Si-O-Si bonds, which can enhance freeze-thaw resistance and reduce thermal conductivity,
contributing to improved durability and thermal performance [9-11]. These improvements increased durability, making
concrete more resilient in harsh environments. Other research by Zaetang et al. [8] discovered that the incorporation of
waste glass powder reduced the heavy metal leaching potential of the geopolymer composite, making it more
environmentally friendly.

When cement concrete is exposed to high temperatures, the water in its pores begins to evaporate. The evaporation
of water within the pores creates internal pressure, leading to cracking or spalling, which causes the surface layer to
detach [12, 13]. As the temperature rises from around 400°C to 600°C, the chemical structure of concrete starts to
change. Calcium silicate formed during the hydration process begins to lose strength and stability [14]. Concrete mixed
with glass powder has improved fire resistance compared to regular concrete. The addition of glass enhances thermal
insulation, allowing heat to disperse more slowly. Furthermore, the pozzolanic reaction of glass powder contributes to
a denser microstructure, which further enhances the material's fire resistance [3].

Geopolymer concrete offers enhanced fire resistance over traditional ordinary Portland cement (OPC) concrete,
largely owing to the former having distinctive chemical composition and microstructural properties [15-19].
Geopolymer composites (inorganic polymeric materials) are formed from aluminosilicate precursors, such as
metakaolin, slag, and fly ash, activated with alkaline solutions. This composition allows them to withstand high
temperatures and resist fire effectively. The incorporation of waste glass into geopolymer concrete has been shown to
improve its fire resistance. Geopolymer mortars containing waste glass have produced major improvements in the
remaining compressive strength after thermal exposure. For example, it has been reported that geopolymer composites
with 20% waste glass had a residual compressive strength 165% higher than reference samples after fire resistance tests
[20]. Geopolymer mortars with basalt and glass powder had improved compressive strength post-fire, particularly those
with 75% basalt and 25% glass powder at temperatures up to 800°C [21]. Furthermore, the addition of waste glass
positively impacts the flexural strength of geopolymer composites, contributing to their overall mechanical resilience
under fire conditions [22]. However, phase transformations at elevated temperatures can lead to both beneficial and
detrimental effects on a geopolymer’s mechanical properties and microstructure. Understanding these transformations
is crucial for optimizing geopolymer concrete for high-temperature applications.

Another study by Chindaprasirt et al. [23] demonstrated that incorporating auto glass aggregates into geopolymer
mortars could significantly strengthen the bond between the aggregates and the geopolymer matrix when exposed to an
elevated temperature (900°C), with the softened glass surfaces markedly enhancing the interfacial bonding. In contrast,
the present study investigated the use of auto glass powder (AGP) as a partial replacement for high-calcium fly ash in
geopolymer mortars. The present research examined the influence of AGP on some physical properties, the compressive
strength, the thermal insulating capacity, and the high-temperature performance of the mortars. Additionally, an XRD
analysis was conducted of the geopolymer mortar after exposure to elevated temperatures to evaluate the evolution of
crystalline phases resulting from the substitution with the AGP by shifting the focus from using glass aggregates as a
filler to using finely ground glass powder as a substitute for fly ash. The materials, sample preparation, and testing of
this work are provided in detail, followed by the results, discussion, and conclusions. The findings should provide
important information for the application of AGP in high-calcium fly ash geopolymer exposed to high temperatures.

2. Materials, Sample Preparation, and Testing

2.1. Materials

Geopolymer mortars were assembled using river sand conditioned to a saturated surface dry state with a specific
gravity of 2.58, fineness modulus of 3.05, unit weight of 1749 kg/m?, and a water absorption rate of 1.21%. The liquid
alkali activators consisted of a commercial-grade sodium silicate solution (57.3% H, O, 30.3% SiO, , and 12.3%
Na, O) and a 10 M sodium hydroxide solution. The solid precursors for the geopolymer binder were auto glass powder
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(AGP) and high-calcium fly ash (FA). The AGP was produced by grinding discarded automobile windscreen glass to a
particle size less than 75 um, while the FA was sourced from an electric power plant in northern Thailand. The AGP
particles were angular in shape with a rough surface, whereas the FA particles were spherical with a smooth surface
(Figure 1). Table 1 and Figure 2 provide details of the chemical composition and some physical properties of both
materials; the AGP had a smaller average particle size, higher surface area, and lower specific gravity than the FA. The
AGP contained 68% SiO., 14% NaO, and 8% CaO. The FA was regarded as Class C fly ash according to the ASTM
C618-22 standard. Figure 3 presents the XRD analysis, revealing some crystalline phases in the FA.

FA

Figure 1. AGP and FA

Table 1. Chemical Constituents and Physical Attributes of AGP and FA [23]

Chemical composition (%0)

and physical property AGP FA
SiO, 68.2 31.6

Na,O 14.6 21

Ca0 8.3 27.1

MgO 41 3.2

AlO; 11 15.3

FeOs 12 131

SO3 0.2 36

K.0 0.2 1.9

TiO, 0.1 0.3

P20s <0.01 0.3

Loss on ignition 2.04 11
Specific gravity 2.58 2.61
Mean particle size (um) 12.6 133

Specific surface (BET) (m?/g) 1.0437  1.0424
Average pore diameter (nm) 25155  4.0789
Total pore volume (cm?/g) 0.0006  0.0011
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Figure 3. XRD of AGP and FA

2.2. Mix Proportions and Specimen Preparation

Five distinct mortar mixes were formulated to examine the impact on the geopolymer mortar properties of replacing
FA with AGP, as outlined in Table 2. The reference mix used a sand-to-binder ratio of 2.75, a liquid-to-binder ratio of
0.58, and a sodium hydroxide-to-sodium silicate solution ratio of 1.0. The consistency rating of the reference mortar
was maintained at 110+5% following the ASTM C1437-20 standard. In these mixes, FA was used instead of AGP at
binder substitution levels of 0%, 10%, 20%, 30%, or 40% by weight, based on the successful use of AGP replacement
levels at 10% intervals in other research by Zaetang et al. [8].

Table 2. Mix proportions

Mix FA (@) AGP(g) Sodium hydroxide solution (g) Sodiumsilicate solution(g)  Natural sand (g)
0AGP 1000 0 290 290 2750
10AGP 900 100 290 290 2750
20AGP 800 200 290 290 2750
30AGP 700 300 290 290 2750
40AGP 600 400 290 290 2750
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Initially, the cementitious powders (FA and AGP) were combined with the sodium hydroxide solution using a pan
mixer for 5 minutes. Next, natural sand conditioned to a saturated surface dry state was incorporated, followed by
blending the mixture for an additional 5 minutes. Subsequently, the sodium silicate solution was introduced and blended
for an additional 5 minutes. Then, the fresh mortar was cast in accordance with the ASTM C109/C109M-20 standard,
to form cube specimens of two sizes (5 cm and 10 cm side lengths, respectively, called 5 cm cube and 10 cm cube
throughout the text), as shown in Figure 4. To prevent moisture loss, the specimens were enveloped with a thin plastic
sheet and allowed to rest at room temperature for 1 hour before undergoing a 24 hour curing process at 60°C, followed
by storage in a controlled chamber at 25°C with 50% relative humidity.

Compressive strength

. Flow testing (TR D)
b resh mortar testing e
(ASTM C1437-20)
| Porosity
L (ASTM C642-21)
Mixing Cubes
Mix FA & AGP with sodium hydroxide (5 min) (5 cm side length) — Compressivc Strcngth
Add sand & Mix (5 min) M Water absorption
Add sodium silicate & Mix (5 min) (ASTM C642-2 1)
s Physical appearance
Effect of high- [

temperature exposure

Mass loss

o Casting and Curing g —
Ultrasonic pulse velocity
ISOMET2114
Cubes ( ) —
('10 cm side length) Thermal conductivity

coefficient (TCC)
(ASTM C597-22)

Figure 4. Procedure for mixing, casting, and testing of concrete samples

2.3. Testing

The workability of the fresh mortars was immediately assessed using flow tests in accordance with ASTM C1437-
20. The compressive strength performance of the geopolymer mortar was determined using the 5 cm cube specimens at
7, 28, and 90 days following ASTM C109/C109M-20. The physical characteristics of the mortars at 28 days (porosity
and water absorption) were determined according to ASTM C642-21 using the 5 cm cube specimens. The thermal
conductivity coefficient (TCC) of the geopolymer mortars was tested using direct measurement with a surface probe
(ISOMET2114) and the ultrasonic pulse velocity (UPV) was evaluated on the 10 cm cube specimens, in accordance
with ASTM C597-22.

The impact was examined of high-temperature exposure on the compressive strength, physical appearance, and mass
loss of geopolymer mortar, based on subjecting the 5 cm cube specimens at 28 days to 300°C, 600°C, and 900°C. The
specimens were heated to the desired temperature at a rate of 5°C per minute, maintained at that temperature for 1 hour,
and then allowed to cool to ambient temperature after the furnace had been turned off.

3. Results and Discussion
3.1. Flow Values

Figure 5 illustrates the mortar flow values, which ranged from 98% to 114% and generally decreased as the AGP
content increased. This decline in flow could be attributed to the angular shape of the particles, as shown in Figure 1.
The FA and AGP particles had comparable particle sizes and surface areas (Table 1); however, they were notable
differences in their shapes. The angular shape of AGP impeded its mobility, whereas the spherical shape of FA facilitated
its motion. Other research by Khan et al. [24] reported a reduction in workability from increasing the proportion of waste
glass powder as a partial substitute for low-calcium FA in alkali-activated mortars. Nevertheless, the flow values of
mortars containing 10-20% AGP in the present study were still in the Y+ °—) 2% range. At high AGP levels (30-40%),
the geopolymer mortar still had sufficient workability to ensure proper mixing, casting, compaction, and finishing of the
samples. The marginal reduction in flow value could be attributed to the lower water absorption properties of the AGP
than for the FA. This was supported by the lower values of average pore diameter and total pore volume of the AGP
(see Table 1).
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Figure 5. Flow values of geopolymer mortars

Table 3 summarizes the 28 day experimental results for some physical characteristics (porosity, water absorption,
and oven-dry density). These data indicated that both porosity and water absorption increased substantially with a higher
AGP content because of the increased void volume due to the smooth surface and impermeable texture and the poor
cohesion of glass particles to the cementitious matrix [10]. This finding aligned with Khan et al. [24], who reported that
the porosity of low-calcium FA alkali-activated mortar increased as the waste glass powder content increased. Replacing
low-calcium FA with waste glass powder in an alkali-activated system decelerated the reaction, leading to a higher
proportion of unreacted particles and increased porosity in the geopolymer mortar composite [24]. Furthermore,
Chindaprasirt et al. [23] reported that substituting natural sand with waste auto glass as the fine aggregate produced an
accretion in the porosity in the high-calcium FA geopolymer mortar, with a substantial increase in water absorption
associated with increasing the waste auto glass volume. As illustrated in Figure 6, the interrelationship between porosity
(P) and water absorption (W) indicated that higher mortar porosity led to increased water absorption.

Table 3. Porosity, water absorption, and dry density (at 28 days)

Mix Porosity (%) Water absorption (%)  Dry density (kg/m?®)
0AGP 16.4 6.7 2234
10AGP 18.2 7.1 2128
20AGP 20.6 7.7 2109
30AGP 21.6 7.8 2061
40AGP 234 7.9 2007
25 -
40AGP
[
23 1 30AGP .-+
- .
S “o
2 2 | 20AGP
E .
o
a 10AGP .-
.
18 - :
P = 2.4352e0.2826W
OAGP R2=0.9664
15 } } |
6.5 7.0 75 8.0
Water absorption (%)

Figure 6. Relationship between porosity and water absorption
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As the AGP content increased, the dry density (D) of the mortars decreased, aligning with the observed increase in
porosity. Furthermore, the decrease was supported by AGP's low specific gravity compared to FA (Table 1). The density
reduction in the mortar after waste glass powder inclusion has been reported in other research by Nasry et al. [4]. The
density values in the dry and saturated states of the Portland cement-based mortar containing 0-60% waste glass powder
from recycled soda lime glass decreased with increased partial replacement of the glass [4]. Figure 7 presents the
correlation P, W, and D for the mortars examined in the present study.
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o e 0AG S |P=-0.0319D+87.181
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Figure 7. Relationship among porosity, water absorption, and dry density

3.3. Thermal Conductivity Coefficient and Ultrasonic Pulse Velocity

The TCC values for the geopolymer mortars mixed with 0%, 10%, 20%, 30%, or 40% AGP were 1.63, 1.54, 1.45,
1.33, and 1.32 W/mK, respectively. The TCC of the geopolymer mortars markedly declined with the increase in AGP
content, with the TCC of the 40% AGP mortar being about 20% lower than for the reference geopolymer mortar. This
could be attributed to the low specific gravity of AGP compared to FA and the low dry density of the geopolymer mortar
with AGP compared to the reference mortar without AGP. Figure 8 shows the correlation between the TCC and dry
density, with a propensity for the TCC to increase as the mortar density increased. The use of AGP as a FA replacement
produced a reduction in the TCC, (Figure 9), similar to the other research [1, 4, 25] on the use of other glass waste. The
TCC of paste and mortar depended on the weight of waste glass in the mixture. At the same waste glass content, the
AGP in the present study had a higher thermal insulating performance than recycled waste glass powder in OPC-silica
fume geopolymer mortar [25] and car windscreen powder in Portland cement paste [1]. Furthermore, the use of AGP as
a powder precursor in geopolymer mortar had greater potential for thermal insulating improvement than auto glass waste
aggregate as a replacement for natural sand, as reported in another study by Chindaprasirt et al. [23].

1.80 -
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1.60 10AGP - -7 AP
[ ] P
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pos - T =0.1668e0.001D
- R2=0.9031
1.40 P 20AGP
- -
e Pacp
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Figure 8. Thermal conductivity coefficient versus dry density
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Figure 9. TCC reduction versus weight of glass waste per mixture

Notably, the TCC values of mortars in the present study (1.32-1.63 W/mK) were approximately 0.37-0.68 W/mK
(18-34%) lower than for OPC-based mortar (2.003 W/mK) [26] because of the low specific gravity of AGP and FA
(Table 1) compared to OPC (3.15). In addition, the AGP could be used as a supplement to improve the thermal insulation
performance in alkali-activated mortar and concrete applications.

The UPV values of geopolymer mortars mixed with 0%, 10%, 20%, 30%, or 40% AGP were 3931, 3734, 3630,
3346, and 3261 m/s, respectively. Increasing the AGP content generated a sizable reduction in the UPV values,
attributable to the high porosity and low density of the mortars containing AGP compared to the control mix. The
correlation between UPV and density values indicated that the UPV increased with increased density of the mortars.
Several researchers by Farhan [27] and Naenudon et al. [28] have reported that the UPV values of FA alkali-activated
mortar and concrete increased with an increase in the density because the higher density in the mortar and concrete
resulted in a more uniform and less porous structure, allowing waves to travel through the specimen more quickly and
thus yielding higher UPV values. Although the inclusion of AGP reduced durability parameters, such as porosity, dry
density, and water absorption, the UPV measurements indicated that the overall quality remained within acceptable
standards. The UPV values for geopolymer mortars decreased with increasing AGP content (Figure 10); however,
mortars with 30-40% AGP still had UPV values between 3261 and 3346 m/s. According to UPV-based concrete quality
classifications [28], these values fall within the medium-quality range (3000—-3500 m/s), which is above the acceptable
standard. The UPV of 0-20% AGP mortars (3630-3931 m/s) also met the standard for good-quality concrete (3500—
4500 m/s).

4200 -
UPV = 3.1587D - 3077.3
4000 1 R2=0.9347 _-‘e
3800 - 0AGP -7 OAGP
= 20AGP® _ -~
£ 3600 - - Good-quality
& 3400 - -2
> .- ®30aGP
3200 - 40AGP
Medium-quality
3000 {~ """ T T TS TS S S S Ssssmm—oo———--oo—-o---
2800 T T T T T T )
1950 2000 2050 2100 2150 2200 2250 2300
Dry density (kg/m?)

Figure 10. UPV versus dry density
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3.4. Compressive Strength

Table 4 presents the compressive strength data of the geopolymer mortars. Based on these findings, the strength was
influenced by both the sample age and the AGP content. The compressive strength improved with longer curing times
as a result of strength development through geopolymerisation. The Y day compressive strength values were within the
range 1Y-4¢9% of the YA day compressive strength values. This enhancement stemmed from curing at 60°C for 24

hours—a process that boosted the early-age compressive strength of the geopolymer matrix.

Table 4. Compressive strength over time

7 days 28 days 90 days

Mixture
MPa Std. % MPa Std. % MPa Std. %
0AGP 570 36 100 603 15 100 650 22 100
10AGP 492 30 8 512 15 8 535 37 82
20AGP 42.8 4.2 75 46.5 1.9 7 47.4 4.9 73
30AGP 362 19 63 377 29 62 396 24 61
40AGP 30.1 3.2 53 331 3.7 55 35.1 24 54

As the AGP content increased, the compressive strengths tended to decrease. The average compressive strengths of
mortar samples containing 10%, 20%, 30%, or 40% AGP were 84%, 75%, 62%, and 54%, respectively, compared to
the reference geopolymer mortar. This decline in strength could be attributed to the presence of AGP, which not only
diminished the strength of the geopolymer pastes but also increased the porosity in the geopolymer mortars. In addition,
other researchers [24, 29, 30] reported that the compressive strength of alkali-activated composite mixed with ground
fluorescent lamp glass, container glass, and broken glass powders showed decreasing trends with an increase in the
replacement levels of waste glass powder. Furthermore, Khan et al. [24] claimed that incorporating waste glass powder
as a precursor at levels in the range 0—40% did not improve the compressive strength of low-calcium FA geopolymer
mortars, which aligned with the present results observed in the high-calcium FA geopolymer mortars containing AGP.

Generally, the replacement of sand with waste glass aggregate in geopolymer concrete and mortar had reportedly
tended to the reduce compressive strength [23, 31]. Furthermore, a comparison of the present study with previous
research by Chindaprasirt et al. [23] reveals that substituting FA with AGP had a more pronounced impact on
compressive strength than replacing sand with auto glass aggregate. For example, replacing only 10% of the FA with
AGP resulted in compressive strengths comparable to those achieved by replacing 80% of the sand with auto glass
aggregate. Although the geopolymer mortar compressive strengths in the present study declined with an increase in the
AGP content, the trade-off involved balancing the AGP content to optimize insulation while maintaining acceptable
strength. The use of 10-20% AGP to replace FA resulted in an acceptable compressive strength of 75-85% of the
reference geopolymer mortar, while offering better thermal performance. Furthermore, the 28 day compressive strengths
of the 10-20% AGP geopolymer mortar (46.5-51.2 MPa) were consistent with the range for the 28 day compressive
strengths of OPC-based mortars (46.1-49.5 MPa) [26] with the same flow values (105-115 %). Figure 11 shows the
good correlation (high R? values) between the compressive strength (C) and the UPV values of 28 day geopolymer
mortars. The compressive strength rose as its UPV value increased.

70 1

60 - [ ]

50 A

40 A

30 A

Compressive strength (MPa)

C =0.0389UPV - 93.585
R2=0.9924

20
3200

3400 3600 3800 4000

UPV (m/s)

Figure 11. 28 day compressive strength versus UPV
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3.5. Physical Appearances and Mass Loss of Geopolymer Mortar after High-Temperature Exposure

The physical appearances of the geopolymer mortars before and following high-temperature exposure are shown in
Figure 12. At room temperature (25°C), the color hue of the reference mortar was dark gray and dark brown, similar to
the FA color (Figure 1) and changed to gray when the AGP content increased (due to the gray color of AGP).
Temperature exposure shifted the reference geopolymer mortar color to a light brown hue, which was attributed to
moisture loss within the geopolymer matrix that corresponded with the observed trend of increased mass loss in all the
geopolymer mortars following higher temperature exposure, as shown in Figure 13. After exposure at 300°C, 600°C,
and 900°C, the geopolymer mortar samples had mass losses within the ranges 7.6—7.9%, 8.1-8.4%, and 8.2-8.5%,
respectively. For geopolymer mortar mixed with AGP, the gray color of the 20-40% AGP geopolymer mortar samples
changed to a light gray color after 300°C temperature exposure and to a light brownish-red color after 600°C and 900°C
temperature exposures due to the color change caused by the melting of the AGP, as shown in Figure 14. However,
there were no differences in the mass loss values of the geopolymer mortars mixed with 0-40% AGP following the same
temperature exposure.

0OAGP 10AGP 20AGP 30AGP 40AGP

20AGP  30AGP

0AGP IOAGP 20AGP 30AGP 40AGP
900 °C

0AGP 10AGP 20AGP 30AGP 40AGP

Figure 12. Geopolymer mortars after being exposed to 25°C, 300°C, 600°C, and 900°C

m300°C m600°C m900°C
9 -
85 8.5
8.4
83 gq 83 8.2 8.2 o1 8.3
79
81 4 77 7.8 7.8
g
g2 4]
[%2]
8
=
6 p
5 p
0 10 20 30 40
AGP content (%)

Figure 13. Mass loss of geopolymer mortar after exposures at 300°C, 600°C, and 900°C
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25°C 300°C 600°C 900°C
Figure 14. AGP after being exposed to 25°C, 300°C, 600°C, and 900°C

3.6. Compressive Strength and XRD Analysis of Geopolymer Mortar after High-Temperature Exposure

Figure 15 illustrates the compressive strength of mortar samples, both before and after undergoing temperature
exposure, along with the corresponding relative compressive strengths. Following exposure to high temperatures, the
0% AGP geopolymer had a notable decline in its compressive strength, with values after exposure to 300°C, 600°C, and
900°C being 25%, 18%, and 19%, respectively, of the compressive strength before undergoing temperature exposure.
These results were due to the distinct thermal expansion characteristics of the geopolymer paste compared to the sand
particles [32]. Consistent with these observations, another study by Chindaprasirt et al. [23] reported a substantial
decrease in the compressive strength of high-calcium FA-based geopolymer mortar as temperature exposure increased.
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Figure 15. Compressive strength and relative strength versus AGP content of geopolymer mortar
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Based on the present test results, incorporating AGP notably enhanced the fire-resistant capacity of the
geopolymer mortar. The relative compressive strength increased considerably with higher AGP levels. Especially
after exposure at 900°C, the relative compressive strength values for the geopolymer mortars formulated with 0%,
10%, 20%, 30%, and 40% AGP were 19%, 22%, 31%, 46%, and 60%, respectively, compared to the samples before
exposure at high temperature. XRD analysis was used to investigate the improvement in the compressive strength
of the mortars due to the use of AGP as FA replacement and the high-temperature exposure, as shown in Figure 16.
Based on the XRD results, the quartz (SiO.) peak was the main crystalline phase in all the geopolymer mortars
before and after exposure to high temperatures due to the natural sand composition in the mortar mixture. After
900°C exposure, notable phases were detected, including for gehlenite, nepheline, lazurite, and combeite. As the
geopolymers were exposed to high heat, the crystal structures of the minerals changed, leading to the formation of
new phases. Gehlenite was found in the synthetic geopolymer mortars with a notable proportion of FA (0 and 20%
AGP).

The presence of calcium in the FA facilitated the formation of gehlenite at 900°C. Klima et al. [33] concluded that
adding reactive calcium to class F fly ash resulted in the precipitation of Ca-bearing minerals that contributed to the
increased strength of the geopolymer. In addition, the presence of a high proportion of FA in the geopolymer matrix
contributed to the formation of nepheline. FA was a by-product of coal combustion and contained a large amount of
amorphous silica (SiO, ) and alumina (Al, Oz ), which are essential components for the formation of nepheline in a
geopolymer system. A microstructure study of methacaolin-derived geopolymer mortar revealed the formation of
nepheline at 900°C [34]. Furthermore, one study by Jiang et al. [35] claimed that the presence of nepheline proved that
waste glass powder had taken part in the polymerization of the FA geopolymer paste following exposure to high
temperatures (1200°C).

The inclusion of AGP in the geopolymer mortars resulted in the crystallization of the lazurite and combeite phases
at high temperature. Lazurite tended to increase with an increase in the AGP content. Specifically, the combeite
crystalline phase was detected only in geopolymer mortars with 20% and 40% AGP after exposure at 900°C, with the
quantity increasing as the AGP content increased, resulting in enhanced compressive strength. The mechanism
underlying the formation of combeite appeared to be associated with the high-temperature exposure of the mortar, during
which glass particles dissolved in the alkaline systems and released sodium, calcium, and silica into the system.
Subsequently, these constituents interacted and combined in appropriate proportions to form the combeite phase. In
contrast, the reference geopolymer systems underwent an amorphous-to-crystalline transformation without the glass
dissolution.

Other studies by Filho et al. [36] and Juraski et al. [37] reported that the combeite crystalline phase formed in Na-
containing systems and was also known to develop from the crystallization of glass. Fakhruddin and Mohamad [38]
reported that the combeite phase peak became more pronounced due to the enhanced crystallinity of the bioactive glass
induced by a sintering temperature increase to 800°C, with the notable crystalline content playing a role in enhancing
the mechanical strength due to its well-arranged atoms. This provided strong support for the resultant improved relative
compressive strength and bonding of the FA-based geopolymer mortars with an AGP content after being subjected to
900°C. These findings should provide strong support for the development of fire-resistant materials utilizing geopolymer
technology.

Other research has considered that the enhanced compressive strength of geopolymer mortars could be attributed
melting of the AGP, which promoted the fusion and integration of the geopolymer matrix with the glass powder.
Chindaprasirt et al. [23] observed that increasing the level of auto glass waste aggregate replacement substantially
enhanced the relative compressive strength of FA-based geopolymer mortar following exposure at 900°C. Similarly,
Zhang et al. [39] reported that once glass waste particles reached their melting point, the molten glass filled internal
cracks and voids, leading to improved bonding between the geopolymer paste and glass particles, and consequently
enhancing compressive strength.

Compared to AGP, the fire-resistant performance of other refractory materials, such as ceramic fibers, steel fibers,
and fiberglass, have disadvantages in terms of cost, weight, and flexibility in application. However, the choice of
material depends on the intended purpose. If high heat resistance is required, refractory materials, such as steel fibers
and fiberglass, remain good options. On the other hand, AGP may be a better alternative if cost savings and
environmental friendliness are priorities.
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Figure 16. XRD pattern of geopolymer mortar before and after 900°C exposure

4. Conclusions

The impact was investigated of using auto glass powder (AGP) as an alternative precursor to substitute for some of
the high-calcium fly ash (FA) on the compressive strength, selected physical properties, thermal insulation, and high-
temperature characteristic of geopolymer mortar composites. Based on the tests of these parameters, the inclusion of
AGP affected the high-calcium FA geopolymer mortar properties as follows.

e Increasing the AGP content notably reduced both the flowability and the compressive strength of the geopolymer
mortars. However, incorporating 10-20% AGP into the mix maintained the compressive strength at an acceptable
level (75-85%) of that of the reference mortar (without AGP).

¢ Based on the values for porosity, dry density, and water absorption, the durability of the mortars tended to decrease
after AGP inclusion. However, the UPV testing indicated that the geopolymer mortars were still classified as good-
quality concrete with 0-20% AGP inclusion in the mortar and as medium-quality concrete for 30-40% AGP
mortars.

e The TCC of the geopolymer mortar notably decreased with an increase in the AGP content, with the TCC of the
40% AGP mortar being about 20% lower than the reference mortar. AGP inclusion could improve the thermal
insulating characteristic of the high-calcium FA geopolymer mortars.

e The relative compressive strength values obtained after high-temperature exposure confirmed that incorporating
AGP as a precursor at 600-900°C enhanced the strength of the high-calcium FA geopolymer mortars. The
inclusion of AGP in geopolymer mortars after exposure at 900°C contributed to the formation of combeite phases,
resulting in compressive strength enhancement. This study highlighted substantial prospects for applying
geopolymer technology in the development of fire-resistant materials.
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