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A B S T R A C T

One-part geopolymer concrete (GPC) offers a safer and more sustainable alternative to conven
tional alkali activation by eliminating hazardous liquid alkaline solutions. This study presents a 
novel thermochemical approach for synthesising a dry alkaline activator (DA) using waste glass 
powder (WGP). The effects of SiO2/Na2O molar ratio (Ms = 0.5, 1.5, 2.5), activation temperature 
(T of 150–350 ◦C), duration (t of 1–3 h), and water dosage (w of 0–10%) were investigated using 
a Taguchi design of experiments. FTIR and SEM-EDS analyses confirmed sodium silicate forma
tion, with optimum efficiency (80%) achieved at Ms = 1.5, 150 ◦C, 2 h, and 10% water. This 
optimised DA was used to produce one-part geopolymer (GP) composite mixes at different DA/ 
binder ratios (0.3–0.5), which were tested for rheological, mechanical, and microstructural 
properties. Rheological characterisation revealed shear-thinning behaviour with elastic-dominant 
viscoelasticity. Compressive strength increased with activator dosage, reaching up to 24.5 MPa 
after 28 days, under heat curing for 24 h, surpassing that of liquid-activated GPC. Sustainability 
analysis revealed up to 68% CO2 and 57% cost reduction compared with conventional GPC. 
Overall, the findings demonstrate the feasibility of waste-glass-based dry activators as a cleaner, 
safer, and economically viable alternative for scalable one-part GP production aligned with cir
cular economy principles.

1. Introduction

1.1. Background

The global construction sector is increasingly under pressure to reduce its environmental footprint, with ordinary Portland cement 
(OPC) production accounting for approximately 8% of global CO2 emissions [1]. In response, alkali-activated materials (AAMs) have 
emerged as promising substitutes because of their lower embodied carbon and capacity to incorporate industrial by-products such as 
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fly ash (FA), slag, and metakaolin [2]. Within the broader class of AAMs, GP systems formed through the alkaline activation of 
aluminosilicate-rich materials [3] have garnered significant attention for their mechanical performance, chemical resistance, and 
long-term durability [4–6]. It is gaining popularity for usage in civil infrastructure, including airport pavements (Brisbane Well Camp 
Airport), academic buildings (Global Change Institute at the University of Queensland, Australia), retaining walls, marine structures, 
bridge decks, and even in 3D printed elements [7–9]. Despite the significant environmental and performance advantages of GP 
technology, its widespread implementation, particularly in cast-in-situ applications, remains limited. A key barrier on the adoption of 
GP technology is the dependence on corrosive and highly viscous liquid alkaline activators, such as sodium hydroxide and commercial 
sodium silicate solutions [10,11]. The liquid introduces serious handling and safety dangers, require specialised storage and trans
portation, and have a limited shelf life. Moreover, their preparation and on-site mixing demand strict quality control procedures, which 
are often impractical at the construction scale and introduce variability in performance. From a sustainability perspective, the pro
duction of liquid sodium silicate is particularly carbon-intensive, involving the high-temperature calcination of sodium carbonate with 
silica sand, which contributes significantly to CO2 emissions [12]. Although AAMs have been shown to reduce greenhouse gas 
emissions by 32–64% compared to conventional OPC concrete of equivalent strength, it is noteworthy that the alkaline activators 
themselves, primarily hydroxides and silicates, account for approximately 60% of the total environmental burden of AAMs [13]. In 
response to these challenges, the development of “one-part” or “just-add-water” GP binders has emerged as a promising alternative. In 
these systems, solid activators are pre-mixed with aluminosilicate precursors, enabling simplified handling, improved safety, and 
enhanced consistency during field application. This approach significantly enhances the practicality and scalability of GP technology 
for structural and commercial use.

Most one-part GP systems currently rely on commercially manufactured solid sodium silicate-based activators, which are energy- 
intensive, costly, and often not locally available [14]. To address this issue, recent studies have explored the feasibility of synthesising 
DA from silica-rich waste-derived sources via a thermochemical process (transforming waste materials into reactive solid-state acti
vators by combining them with sodium hydroxide and applying controlled thermal treatment, resulting in sodium silicate-rich phases 
capable of activating aluminosilicate precursors) [13,15–22]. Among these, WGP has demonstrated high potential due to its abundant 
availability, high silica content, and underutilisation in high-value construction applications.

WGP has been extensively investigated in cementitious and GP systems. Previous studies have explored WGP as a supplementary 
cementitious material [23–25], partial precursor replacement [15,26–29], or filler to improve mechanical and durability performance. 
Studies have also summarised the roles of WGP and process parameters affecting GP behaviour, highlighting its pozzolanic reactivity 
and sustainability benefits [26]. More recent works have examined WGP-based GP composites under thermal or mechanical loading, as 
well as predictive modelling of oxide ratios in GP formation [30,31]. However, most of these studies focus on WGP as a precursor or 
additive rather than as a thermochemically synthesised DA capable of replacing commercial sodium silicate in one-part systems. 
Moreover, systematic multi-parameter optimisation of dry activator synthesis-considering silica modulus, temperature, duration, and 
water dosage simultaneously-remains largely unexplored. In particular, the literature lacks statistically robust optimisation frame
works linking activator synthesis efficiency directly to rheological behaviour, mechanical performance, and cradle-to-gate sustain
ability assessment. This study addresses this gap by integrating thermochemical activator synthesis with Taguchi-ANOVA optimisation 
and performance validation in one-part GP composites.

1.2. Novelty and significance of the study

The significance of this study lies in developing a fully waste-derived DA that replaces conventional caustic liquid activators in one- 
part GP production. The novelty of this work does not lie solely in the application of the Taguchi method, but in the integrated 
framework combining: (i) thermochemical synthesis of a fully waste-derived dry activator, (ii) statistically guided multi-parameter 
optimisation using Taguchi-ANOVA analysis, (iii) semi-quantitative evaluation of sodium silicate formation efficiency, and (iv) 
direct correlation of activator efficiency with rheological, mechanical, microstructural, and sustainability performance in one-part GP 
composites. The present study addresses important fundamental research questions: (i) Can a sodium silicate-rich DA be efficiently 
synthesised from WGP using a thermochemical process? (ii) How do key design parameters molar ratio, activation temperature, 
duration, and water dosage, govern the yield and quality of the DA? (iii) Can the performance of the resulting activator be reliably 
predicted and optimised using Taguchi-based statistical tools, and (iv) How does the optimised DA influence the fresh, mechanical, 
microstructural, and sustainability characteristics of one-part GP composites compared to conventional systems? To answer these 
questions, this study adopts a multi-phase approach that encompasses DA synthesis via the thermochemical method, process opti
misation through Taguchi design of experiments, material characterisation using FTIR and SEM-EDS, and composite performance 
evaluation by mechanical, rheological, and microstructural analysis, including sustainability and economic assessments.

Table 1 
Oxide compositions of FA and WGP.

SiO2 Al2O3 Fe2O3 CaO SO3 MgO Na2O K2O LOI

Fly ash 51.48 28.39 6.93 5.42 0.09 1.10 0.15 0.53 0.03
WGP 70.1 3.5 1.23 11 0.35 0.5 12 0.7 1.3

Note: All values in mass%, expressed on an oven-dry basis; LOI: loss on ignition at 1000 ◦C.
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2. Materials and methods

2.1. Raw materials

This study used materials sourced from the industrial waste stream for their potential as a reactive agent in the manufacture of a 
DA. WGP was obtained from post-consumer soda-lime glass, which was subsequently cleaned, dried, and finely milled to a particle size 
of less than 75μm. X-ray fluorescence (XRF) analysis verified a silica concentration over 70 wt%. Table 1 presents the major oxide 
composition of the materials.

A mixture of sodium hydroxide pellets and sodium silicate solutions was used as an alkaline activator to make conventional GP 
composites for comparison purposes. Chem-Supply Pty Ltd., Australia, supplied sodium hydroxide (98.0% purity). The commercial 
sodium silicate solution supplied by Sigma-Aldrich Australia had the following composition: 14.7% Na2O, 29.4% SiO2, and 55.9% 
water (by weight). The waste-derived DA was prepared using sodium hydroxide with WGP through the thermochemical method 
described in Section 2.2.1.

Class F fly ash (FA) was used as the main aluminosilicate precursor for the GP composite matrix. It complied with ASTM C618 [32]
and exhibited > 50 wt% of SiO2 + Al2O3 + Fe2O3. Locally available river sand with a fineness modulus of 2.71 was used as fine 
aggregate. Deionised water was used for all activator mixing and specimen casting.

2.2. Methods

The experimental work was structured in three sequential phases: synthesis of DA via thermochemical treatment (Phase I), effi
ciency based on silica availability and structural features, and optimisation using Taguchi design of experiment (Phase II), and 
evaluation of one-part GP composites prepared using the optimised DA (Phase III).

2.2.1. Synthesis of DA via thermochemical method
The DA was prepared via the thermo-chemical method (shown in Fig. 1) as suggested in existing research [16,33], by mixing WGP 

as SiO2 source with sodium hydroxide pellets as Na2O source by varying different parameters influencing the activator’s efficiency, 
such as molar ratio, heating temperature, heating period, and water dosage. During the heat treatment, the synthesis of sodium silicate 
occurred following the reaction given in Eq. (1) [34]. The resulting solid material was subsequently pulverised into a powder using a 
75 µm sieve after a ball mill. A total of 100 g of powder was prepared by mixing sodium hydroxide with silica-rich source at target 
molar ratios. The mass of the SiO2-rich source and sodium hydroxide proportions was calculated based on the known SiO2 and Na2O 
content of each. The molar masses of SiO2 and Na2O (60.08 g/mol and 61.98 g/mol, respectively) were used to convert the target molar 
ratio into a mass-based mixing ratio for each combination. The required moles of Na2O were first determined from the desired molar 
ratio using Eq. (2). 

2NaOH+SiO2→
Δ Na2SiO3 + H2O (1) 

Moles of Na2O =
wt% of Si2O ∗ mp1

/
100

Ms
(2) 

where Ms is the desired SiO2/Na2O ratio, and mp1 is the mass of sodium hydroxide required. The corresponding required mass of silica- 

Fig. 1. Procedure steps to produce the activating powder.

Table 2 
Selected design parameters and their levels.

Parameters (Dp) Levels (l)

1 2 3

A SiO2/Na2O ratio 0.5 1.5 2.5
B Temperature (◦C) 150 250 350
C Duration (hrs.) 1 2 3
D Water* (%) 0 5 10

Note: * % by mass of dry activator.
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rich source (mp2) was then calculated by subtracting mp1 from the total mass of 100 g.
The Taguchi method [35] is an effective tool for designing experiments that can significantly reduce the number of tests required 

while retaining the effects of each variable on the final output. The design parameters considered in this study, along with their levels, 
are shown in Table 2. The molar ratio was varied across three levels (0.5, 1.5, and 2.5) to capture the transition from sodium-rich to 
silica-rich environments. The activation temperature levels of 150 ◦C, 250 ◦C, and 350 ◦C were selected based on the ability to initiate 
solid-state reaction without inducing vitrification or loss of reactive phases. Additionally, holding times of 1, 2, and 3 h were selected 
to examine the kinetic impact on sodium silicate development. Lastly, the incorporation of water (0, 5, and 10 wt% DA) was conducted 
to determine if water functions as a catalyst during the reaction. Similar ranges have been reported in past studies [16,20,22,33, 
36–39]. The required quantity of powders was mixed manually in sealed containers to ensure homogeneity, then subjected to thermal 
treatment in a muffle furnace at target temperatures and holding times. After heating, the powders were cooled in a desiccator to 
prevent carbonation and stored in airtight containers.

The minimum number of trials can be estimated using Eq. (3) to reduce experimental runs while maintaining statistical robustness, 
where Dp is the number of design parameters and l is the number of levels [40,41]. For four factors at three levels, this yields nine 
experiments, significantly fewer than the 81 required in a full factorial design, making the L9(34) orthogonal array an efficient and 
optimal choice. The corresponding trial combinations are presented in Table 3 [41,42] and the representative photographs of the 
WGP–sodium hydroxide mixtures prior to and during heat treatment are shown in Fig. 2. 

n = 1+(l − 1)Dp (3) 

2.2.2. Efficiency of DA
The efficiency of each synthesised DA was evaluated based on its ability to form sodium silicate species, using a combination of 

Fourier Transform Infrared Spectroscopy (FTIR) and Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM- 
EDS). These techniques provided both structural and compositional insights into the activation process. The phase characterisation in 
this study focuses on comparative efficiency assessment rather than comprehensive crystallographic identification. X-ray Diffraction 
(XRD) analysis was not conducted because the thermochemically synthesised powders exhibited predominantly amorphous charac
teristics, as indicated by the broad FTIR bands (Section 3.1, Fig. 4) and the absence of distinct crystalline features. Furthermore, the 
sodium silicate efficiency calculated from EDS-derived Na:Si molar ratios represent a semi-quantitative estimation rather than a direct 
phase quantification. The synthesised powders may contain a combination of amorphous and partially crystalline silicate species, and 
EDS does not distinguish between specific silicate phases. Therefore, the assigned stoichiometric compounds reflect the dominant 
theoretical phase based on elemental balance rather than exclusive single-phase formation. The adopted methodology is primarily 
intended for comparative evaluation across synthesis conditions. Future work incorporating complementary techniques such as XRD 
and quantitative phase analysis would provide more definitive phase identification and strengthen validation of the reaction products.

FTIR spectroscopy in transmission mode was conducted over the range of 4000–400 cm− 1, including Si–O–Si stretching 
(1000–1100 cm− 1), Si–O–Na (950–1000 cm− 1), indicative of sodium silicate [43], and O–H stretching (3200–3600 cm− 1) for hydrated 

Table 3 
L9(34) orthogonal array used for experimental design.

Experiment No. SiO2/Na2O ratio Temperature (oC) Time (hrs.) Water (%)

E1 0.5 150 1 0
E2 0.5 250 2 5
E3 0.5 350 3 10
E4 1.5 150 2 10
E5 1.5 250 3 0
E6 1.5 350 1 5
E7 2.5 150 3 5
E8 2.5 250 1 10
E9 2.5 350 2 0

Fig. 2. Visual appearance of WGP–sodium hydroxide mixtures: (a) E1, (b) E4, (c) E7 before and (d) during thermal activation in muffle furnace.
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phases or unreacted sodium hydroxide (3640 cm− 1) [44,45]. Supporting peaks, such as those near 880–890 cm− 1 (Si–OH bending) and 
710–740 cm− 1 (Si–O–Na), were used to confirm the presence of intermediate and final sodium silicate structures. The actual sodium 
silicate content in the synthesised DA powders was quantitatively estimated based on elemental analysis obtained through EDS [46]. 
For each sample, elemental analyses (EDS) were performed to determine the bulk Na (%) and Si (%) in each dry-activated powder 
sample. The corresponding Na:Si molar ratio was then calculated and used to infer the dominant sodium-silicate phase (e.g., Na2SiO3, 
Na4SiO4) and estimate the relative conversion of raw materials into reactive silicate gel. The use of this methodology has precedented 
from past studies to assess geo-polymerisation behaviour [47–49]. The methodology therefore provides a semi-quantitative indicator 
of activator efficiency and phase development. EDS spectra were collected from four randomly selected locations and averaged to 
determine the representative elemental mass percentages of Si, Na, O, and any impurities (e.g., Ca, Al, Fe, Mg, etc.).

2.2.2.1. Conversion to molar quantities. The averaged EDS values (in wt%) were converted to molar amounts per 100 g of powder using 
Eq. (4) [50]. 

nNa : nSi (molar) = wt. %
Na
23

: wt. %
Si
28

(4) 

2.2.2.2. Stoichiometric assignment. The sodium silicate phase was assigned to each sample by comparing the molar ratio to known 
stoichiometries of common sodium silicates, e.g., Na2SiO3 (sodium metasilicate) = 2, Na2Si2O5 (sodium disilicate) = 1, and Na4SiO4 
(sodium orthosilicate) = 4, etc.

It is acknowledged that the EDS-derived Na:Si molar ratio provides a semi-quantitative estimation of sodium silicate formation. The 
thermochemically synthesised system may contain a combination of amorphous and partially crystalline silicate species rather than a 
single stoichiometric phase. Therefore, the assigned compound represents the dominant theoretical phase based on molar balance 
rather than exclusive phase purity. This approach enables comparative efficiency assessment across samples but does not imply 
complete single-phase formation.

2.2.2.3. Stoichiometric limiting reagent analysis. The required molar ratios of Na and Si were considered (e.g., 2:1 for Na2SiO3) for each 
assigned compound. The number of formula units that could be formed was calculated by identifying the limiting element among the 
available moles of Na and Si using Eq. (5). 

nformula = min (
nNa

x
,

nSi

y
) (5) 

where x and y are the stoichiometric Na: Si coefficients of the identified compound.

2.2.2.4. Yield calculation. The moles of sodium silicate units were multiplied by the molar mass of the assigned compound to obtain 
the total mass of sodium silicate formed in the powder using Eq. (6). Since the calculation was normalised to 100 g of sample, the 
resulting value directly represented the actual sodium silicate content in wt% using Eq. (7). 

Masscompound = nformula x Mcompound (6) 

Yield (%) =
Masscompound

Mass of sample
x 100 (7) 

where M is the molar mass of the assigned compound.
The optimisation was achieved using the Signal-to-Noise Ratio (SNR), based on the "larger-the-better" criterion (Eq. 8), where a 

higher SNR indicates better sodium silicate formation. SNR values were computed for all nine experiments, and the average SNR was 
determined for each level of the four factors. The optimal parameter combination was identified as the set yielding the highest average 
SNR. 

SNR = − 10log10(
1
n
∑n

k=0

1
y2) (8) 

where n = number of replicates, yk = % sodium silicate yield for each run.
SNR analysis enables identification of optimal levels, but it does not quantify the contribution of each parameter. Therefore, 

Analysis of Variance (ANOVA) was used to determine the percentage influence of each factor based on the total variation in SNR. In 
orthogonal Taguchi designs where residual degrees of freedom are limited, contributions were estimated directly from SNR values 
using Eqs. (9–11): 

Contributionk =
SSk

SST
x 100 (9) 

SSk =
∑3

j=1

n (SNRkj − SNRT)
2 (10) 
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SST =
∑9

i=1
(SNRi − SNRT)

2 (11) 

where SNRkj is the average SNR for level j of parameter k, SNRT is the grand mean of all SNRs, and n is the number of repetitions per 
level. SNRi is the SNR value for the ith experimental trial. This approach allows robust quantification of each parameter’s effect, making 
it well-suited for Taguchi L9 designs.

2.2.3. One-part geopolymer composites

2.2.3.1. Mix proportion. In Phase III, one-part GP composites were developed using the optimised DA from Phase II. The composite 
mix design involved systematic variation of the DA-to-binder ratios from 0.3 to 0.5 by mass, generating a matrix of mix combinations to 
evaluate rheological behaviour, workability, and mechanical performance. A batch of samples activated with a commercial sodium 
silicate and sodium hydroxide mixture was also created to compare with the alternatively activated samples. Materials were first dry- 
mixed (FA and DA) for 3 min to ensure uniform dispersion. Water was then added gradually with water-to-FA ratio of 0.35, and the 
mixture was blended for an additional 2 min to form a homogeneous paste [51]. Table 4 summarises the mix proportions (kg/m3) used 
for each system.

2.2.3.2. Rheological measurements. The rheological properties of the WGP-based one-part GP paste were evaluated using a Modular 
Compact Rheometer (Anton Paar MCR series) equipped with a sandblasted concentric cylinder geometry. The inner radius of the cup 
cylinder was 15.16 mm, and the radius of the bob cylinder was 14.00 mm, resulting in a gap width of 1.16 mm [13,52]. All tests were 
conducted at a controlled temperature of 25 ± 0.5 ◦C. The paste was freshly mixed, and immediately after mixing, 20 g of the paste was 
poured into the cup cylinder.

A steady shear rate sweep was performed, ranging from 1 s− 1 to 100 s− 1 to measure shear stress and apparent viscosity. The 
Bingham plastic model (Eq. 12) was used to characterise flow behaviour: 

τ = τ0 + τp.γ. (12) 

where τ is shear stress (Pa), τ0 is yield stress (Pa), μp is plastic viscosity (Pa.s), and γ is shear rate (s⁻¹) extracted using linear regression. 
This test helped to evaluate the workability, static yield, and structural build-up of the GP matrix under flow.

An oscillatory frequency sweep to assess the elastic and viscous components of the paste was conducted over a range of 
0.1–100 rad/s at a constant strain of 0.1%, within the linear viscoelastic region, determined through prior amplitude sweep testing. 
The measured parameters include G′ (storage modulus), G″ (loss modulus), and Tan δ (G″/G′). These properties were used to evaluate 
the fresh-state rigidity, structural build-up, and shape retention capacity of the paste, essential for casting and 3D-printing 

Table 4 
Mix proportion (kg/m3) of the one-part GP composites.

Sr # Mix acronym FA Alkaline activator Sand

Sodium hydroxide Sodium silicate DA

1 GPC-C 944 131.1 330.4 - 1590
2 GPC-DA0.3 647.5 - - 277.5
3 GPC-DA0.4 555 - - 370
4 GPC-DA0.5 462.5 - - 462.5

Fig. 3. Casting and testing of one-part geopolymer composites: (a) GPC-DA0.5, (b) GPC-C, and (c) compression testing.
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applications. All rheological experiments were conducted in triplicate, and the averaged results were used for analysis.

2.2.3.3. Compressive strength. The fresh GP paste was cast into 25 mm diameter and 25 mm high cylindrical plastic pipe moulds, 
compacted on a vibrating table to eliminate entrapped air following the ASTM C579 method A [53]. The specimens were covered with 
plastic sheets for 24 hrs to prevent moisture loss, then demoulded and cured at 60 ◦C heat curing for 24 hrs and under ambient 
conditions (23 ± 2 ◦C and relative humidity >90%) until testing. Compressive strength was measured at 28 days of casting by ASTM 
C579 [54] using a 100 kN universal testing machine at a loading rate of 6000 psi (41 MPa/min). The casted specimen and sample 
subjected to compression are shown in Fig. 3. For selected mixes, SEM analysis was performed to assess the microstructure of the 
product.

3. Results and discussions

3.1. Development and characterisation of DA

The structural evolution of WGP-derived DAs was investigated using FTIR and SEM–EDS to establish the extent of sodium silicate 
formation. During thermochemical treatment, sodium hydroxide reacts with amorphous silica according to Eq. (1), leading to 
disruption of the –Si–O–Si– network and incorporation of sodium to form –Si–O–Na linkages [55].

Fig. 4 presents the FTIR spectra of the raw WGP and synthesised DAs. The untreated precursor (E0) exhibited a broad hump at 
943 cm− 1, characteristic of amorphous silica. In contrast, activated samples developed distinct bands in the 950–1050 cm− 1 region, 
associated with asymmetric Si–O–Si/Si–O–Al stretching and diagnostic of sodium silicate gels. Notably, E3, E4, and E6 showed sharp 
dual peaks at 962–963 cm− 1 and 1017–1019 cm− 1, confirming the formation of highly polymerised sodium silicate phases. Secondary 
peaks at 500–600 cm− 1 further supported Na–O–Si linkages. The qualitative assessment of sodium silicate formation in DAs is shown in 
Table 5. Broader or weaker features in E1, E5, E8, and E9 indicated incomplete activation or imbalanced silica modulus. The results 
demonstrate that intermediate SiO2/Na2O ratios (1.5) combined with moderate-to-high temperatures (250–350 ◦C) favour partial 
softening of the glass matrix and Na–Si–O gelation, whereas excessively Na-rich (Ms = 0.5) or Si-rich (Ms = 2.5) conditions led to 

Fig. 4. FTIR spectra of DA derived from WGP.

Table 5 
Qualitative assessment of sodium silicate formation in DAs.

Sample Main Si-O peaks (cm¡1) Secondary peaks (cm¡1) Qualitative sharpness Sodium silicate formation

E0 942.8 767.2, 422.1 Broad, unreacted Baseline/ None
E1 888.9 768.7, 610.7 Broad, shifted left Low
E2 957.1, 1014.4 698.9, 496.9 Emerging doublet Moderate-High
E3 963.5, 1018.1 711.6, 508.7 Sharp, defined doublet High
E4 955.9, 1019.2 703.1, 499.7 Sharp, slightly broadened High
E5 952.6 604.8, 775.5 Single broad peak Moderate
E6 962.7, 1017.3 706.4, 505.3 Very sharp twin peaks Very High
E7 954.7, 1017.1 702.4, 497.8 Defined but weaker Moderate-High
E8 958.3, 1022.2 702.7, 503.3 Slightly diffused Moderate
E9 959.6 708.4, 589.1 Single moderate peak Low-Moderate

Note: Peak assignments were validated against Refs [43–45,55–58].
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poorly structured silicates [56–58].

3.2. Efficiency of the DA

The quantitative efficiency was assessed via EDS-derived Na/Si molar ratios and stoichiometric assignment of silicate phases using 
Eqs. (4–7) and the results are given in Table 6. The results indicate progressive conversion from Si-rich trisilicate to Na-rich ortho
silicate and finally to metasilicate phases. Sodium silicate yields varied from 53% to 82%, highlighting the strong influence of process 

Table 6 
Elemental composition (Si and Na), corresponding Na to Si molar ratio, assigned compound type, and equivalent sodium silicate efficiency of 
thermochemically synthesised DAs.

Exp. No. Si (%) Na (%) Na: Si (molar) Assigned compound Limiting element Na2SixOy 

(%)
SNR 
(dB)

E0 23.3 8.38 0.44 Raw WGP Na 39 -
E1 9.05 28.73 3.91 Na4SiO4 Si 56 34.96
E2 7.87 22.81 3.57 Na4SiO4 Si 53 34.48
E3 10.83 27.24 3.02 Na2SiO3 Si 59 35.42
E4 16.61 29.02 2.13 Na2SiO3 Si 80 38.06
E5 15.80 24.10 1.88 Na2SiO3 Si 78 37.84
E6 15.85 28.25 2.16 Na2SiO3 Si 82 38.28
E7 20.08 24.60 1.49 Na2Si2O5 Na 74 37.39
E8 20.54 23.46 1.39 Na2Si2O5 Na 77 37.73
E9 23.21 22.27 1.17 Na2Si2O5 Na 79 37.95

Table 7 
Level mean SNR of each design parameter at different levels.

Level Level mean SNRs (dB)

SNR(Ms) SNR(Temperature) SNR(Time) SNR(Water)

1 34.95 36.80 36.83 36.92
2 38.06 36.68 36.88 36.75
3 37.69 37.22 37.66 37.40
Max. 38.06 37.22 37.66 37.40
Min. 34.95 36.68 36.83 36.75
ΔSNR 3.11 0.54 0.83 0.65
Rank 1 4 2 3

Fig. 5. Effect of design parameters (a) molar ratio, (b) temperature, (c) heating time, and (d) water dosage at different levels (Larger the better).
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parameters. The maximum yield (82%) occurred for E6 (Ms = 1.5, 350 ◦C, 1 h, 5% water), consistent with balanced alkali–silica 
availability and enhanced ion diffusion. On the other hand, Na-rich E2 (Ms = 0.5, 250 ◦C) produced only 53% sodium silicate, 
dominated by low-polymerised Na4SiO4. Intermediate-to-high efficiencies were achieved for E5, E6, E7, E8, and E9, indicating the 
robustness of synthesis when Si and Na availability were well balanced and thermal activation remained within a 250–350◦C window.

The theoretical energy required to heat 1 kg of silicate material from 25 ◦C to 350 ◦C can be calculated as: Q = mcpΔT, where: Cp 
(glass) = 0.80–0.90 kJ/kg.K, and T = 325 K, thus: Q = 276 kJ/kg or 0.077kWh/kg [59]. Considering practical electric furnace effi
ciencies of 15–30% [60], the effective energy demand increases to approximately 0.35–0.6 kWh/kg. Similarly, the energy required for 
heating at 150 ◦C is estimated to be 0.1–0.2 kWh/kg, which is approximately three times lower than the energy demand for heating at 
350 ◦C. Consequently, increasing activation temperature from 150 ◦C to 350 ◦C significantly increases energy consumption and 
associated CO2 emissions, while improving sodium silicate formation efficiency by only 2%. The marginal performance gain does not 
justify the substantially higher thermal energy and carbon burden. Therefore, E4 represents a more sustainable optimisation balance. 
Furthermore, high-temperature activation can promote the formation of dense, less-reactive crystalline phases, whereas E4 preserves 
the amorphous nature of sodium metasilicate, which is more desirable for GP reactivity. The identified optimum corresponds to 
experiment E4 within the L9 array; hence, the optimum performance is experimentally verified, and E4 was adopted as the optimum 
condition for making one-part GPCs.

3.3. Influence of design parameters on activator’s efficiency

The mean SNRs of each design parameter at different levels, which represent the characteristic response of sodium-silicate for
mation, are presented in Table 7, while their variations are illustrated in Fig. 5. The maximum SNR value in each plot indicates the 
optimal level of the corresponding factor. Among all parameters, the SiO2/Na2O molar ratio exerted the greatest influence on sodium- 
silicate formation, showing the largest ΔSNR of 3.11 dB across its levels. Extremely low ratios resulted in Na-rich environments that 
promoted the formation of low-polymerised orthosilicate phases (Na4SiO4), whereas very high ratios provided insufficient alkalinity 
for activating the silica network. The optimum performance at level 2 (Ms = 1.5) reflects a balanced alkali–silica composition that 
facilitates the formation of reactive sodium-metasilicate species (Na2SiO3).

The reaction time was identified as the second most influential parameter (ΔSNR = 0.83 dB), indicating that sufficient holding time 
is necessary to complete the Na-Si coupling reaction and achieve maximum silicate conversion. Beyond this duration, further heating 
provides only minor improvement due to dehydration and phase densification. The water content ranked third (ΔSNR = 0.65 dB), 
suggesting a minor yet positive effect. Limited moisture (10 wt%) improved ionic diffusion and promoted homogeneous alkali dis
tribution, thereby supporting the Na-Si interfacial reaction during low-temperature activation

The activation temperature showed smallest contribution (ΔSNR = 0.54 dB). A gradual increase in SNR with temperature 

Table 8 
Percentage contribution of each design parameter.

Parameter DOF Sum of squares % Contribution 
(SSk/SST) *100

(l-1) (n-1) SSk SST

Molar ratio 2 8 9.14 12.74 71.8
Temperature 0.38 3.0
Duration 2.07 16.3
Water 1.15 9.0

Fig. 6. Optimised DA (E4): (a) Visual appearance, (b) particle size distribution.
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(150–350 ◦C) confirmed that higher thermal input enhances carbonate decomposition and silicate polymerisation; however, the 
improvement is modest compared with compositional effects. Therefore, a lower activation temperature of 150 ◦C, as used in the G4 
mix, was considered the most practical and energy-efficient condition for achieving high reactivity without unnecessary power 
consumption or crystallisation of less-reactive phases.

The corresponding ANOVA results (Table 8) confirmed these findings, with the molar ratio contributing approximately 71.8% of 
the total variation in sodium-silicate yield, followed by reaction time (16.3%), water content (9%), and temperature (3%). Conse
quently, G4 (1.5 Ms, 150 ◦C, 2 h, 10% H2O) was selected as the optimum synthesis condition, as it achieves near-maximum sodium- 
silicate yield under low-temperature and energy-efficient operation.

The qualitative trends observed in FTIR spectra aligned with the quantitative EDS-derived efficiencies. Activators showing sharp 
and distinct dual peaks in the 950–1050 cm⁻¹ range (e.g., G4, G6) corresponded to high sodium silicate yields (80%), confirming the 
presence of well-structured Si–O–Na linkages. Samples with broader, underdeveloped bands (e.g., G1, G9) matched lower yields, 
verifying that poorly balanced alkali/silica ratios hinder the formation of polymerised sodium silicate networks. The optimised sample 
(E4) yielded a homogeneous, fine powder (true density of 2.14 g/cm3 in comparison to 2.31 g/cm3 for FA) suitable for direct use in 
one-part GP composites (Fig. 6).

3.4. Evaluation of one-part geopolymer composites

3.4.1. Rheological behaviour of one-part geopolymer composites
The flow curve (Fig. 7), obtained through a controlled shear rate sweep, revealed a clear yield-pseudoplastic behaviour. The paste 

initially resisted flow, displaying a yield plateau, followed by a nonlinear increase in shear stress with shear rate, characteristic of a 
Bingham fluid with mild shear-thinning.

Using linear regression, the Bingham model fit yielded a yield stress of 14.106 kPa and a plastic viscosity of 305.08 Pa⋅s. These 
values reflect a highly cohesive matrix with strong internal structure formed from early GP gelation. Such behaviour is beneficial for 

Fig. 7. Flow curve of GP paste made of WGP-derived activator using DA/b and w/b ratios of 0.4, and 0.35.

Fig. 8. Evaluation of the viscoelastic parameters as a function of angular frequency for one-part GP paste made using DA/b and w/b ratios of 0.4.
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shape retention, reduced segregation, and enhanced buildability during placement. The Herschel-Bulkley model was initially evalu
ated to capture potential non-linear shear-thinning behaviour. However, the experimental flow curve exhibits a peak shear stress 
followed by a reduction at higher shear rates, indicating structural breakdown and thixotropic behaviour. Since the Herschel-Bulkley 
model assumes monotonic stress increase with shear rate, it does not adequately represent this behaviour. Consequently, the Bingham 
approximation was retained for engineering interpretation, while acknowledging the thixotropic nature of the geopolymer paste. The 
relatively low coefficient of regression (R2 = 0.35) obtained from the Bingham model indicates deviation from ideal linear plastic 
behaviour. This deviation suggests that the GP paste exhibits non-linear shear-thinning characteristics and structural breakdown under 
increasing shear rates, which are typical of alkali-activated and cementitious systems. The Bingham approximation was retained in this 
study to enable straightforward comparison with conventional cementitious materials and to provide engineering-relevant parameters 
for practical casting applications. The observed deviation does not invalidate the rheological interpretation but rather reflects the 
complex thixotropic and shear-dependent nature of the dry-activated GP matrix.

Fig. 8 presents the storage modulus (G′), loss modulus (G″), and phase angle (δ) as functions of angular frequency for the WGP-based 
one-part GP paste. The data provide a comprehensive view of the material’s viscoelastic behaviour and phase response under dynamic 
loading.

The storage modulus (G′), representing the elastic (recoverable) component, consistently exceeded the loss modulus (G″) across the 
entire frequency range. This dominance of G′ over G″ confirms a solid-like, gelled structure typical of early Geo-P. Both moduli first 
decreased and then increased with frequency, indicative of shear stiffening, as the internal network becomes more resistant to 
deformation under higher oscillation rates.

Importantly, the phase angle increased progressively with frequency, reaching values above 35◦ at high frequencies. This trend 
suggests a gradual increase in the viscous contribution (G″) relative to the elastic response (G′), particularly under rapid deformations. 
While the system remains in the elastic-dominant regime (as G′ > G″), this rising phase angle indicates that energy dissipation becomes 
more pronounced at higher frequencies, potentially due to microstructural reorientation or limited mobility of unreacted species 
within the partially gelled network.

The stiffening moduli with a rising phase angle are favourable for applications that require a balance between shape retention and 
deformation resistance, such as extrusion-based additive manufacturing, where moderate flow under pressure and solid-like recovery 
after deposition are crucial. From a practical construction perspective, the observed rheological behaviour has important implications 
for casting and placement. The measured yield stress indicates that the paste possesses sufficient structural build-up to resist segre
gation and bleeding under static conditions, which is beneficial for mould filling and dimensional stability. At the same time, the shear- 
thinning behaviour implies that viscosity decreases under applied shear during mixing, pumping, or vibration, facilitating workable 
placement without excessive compaction energy. The dominance of storage modulus (G′ > G″) suggests a stable, elastic-dominant 
network capable of retaining shape after placement, which is advantageous for both conventional casting and extrusion-based ad
ditive manufacturing applications. Collectively, these rheological characteristics indicate that the optimised dry-activated geopolymer 
paste exhibits a balance between flowability under shear and structural stability at rest, making it suitable for practical construction 
scenarios.

3.4.2. Physical and mechanical properties of one-part geopolymer composites

3.4.2.1. Hardened Density. The measured densities of the GPC mixes are presented in Fig. 9. The conventional two-part GPC (GPC-C) 
exhibited the highest density of 2192 kg/m3, consistent with prior studies using liquid sodium silicate and sodium hydroxide solutions 
[61,62]. While the one-part mixes incorporating WGP-based DA (GPC-DA0.3 to GPC-DA0.5) showed progressively lower densities, 
ranging from 2135 to 2075 kg/m3. This gradual reduction in density with increasing DA content can be attributed to the lower specific 
gravity of the DA compared to the liquid alkali solutions, as well as the higher entrapped porosity during mixing due to the powder 
form. Additionally, as the DA-to-binder ratio increased, more low-density DA (2.14 g/cc) replaced a portion of the higher-density FA 
(2.31 g/cc), further contributing to the decrease. Despite this reduction, the densities of DA-based GPC remained well within the 

Fig. 9. Density of one-part GPCs varying the DA to binder ratio.
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acceptable range (2000–2230 kg/m3) for structural concrete applications [63], indicating that lightweighting benefits can be achieved 
without compromising the mix's integrity.

3.4.2.2. Compressive strength. Fig. 10 presents the compressive strength development of GPC mixes under ambient and heat curing 
(60◦C) conditions. As expected, all mixes exhibited superior performance under heat curing due to the accelerated geo-polymerisation 
kinetics at elevated temperatures. Notably, the DA-based mix (GPC-DA0.4) consistently outperformed the conventional GPC mix (GPC- 
C) regardless of curing conditions. Under heat curing, the strength increased from 19 ± 2 MPa for GPC-C to 22.93 ± 1.8 MPa for GPC- 
DA0.4, representing a 20.7% improvement. Similarly, under ambient conditions, strength rose from 13 ± 0.8 MPa (GPC-C) to 15.85 ±
1 MPa (DA-GPC0.4), marking a 22% enhancement.

This trend may seem peculiar, given that GPC-C incorporated commercial liquid sodium silicate, which is traditionally considered 

Fig. 10. Compressive strength of WGP-derived DA-based one-part GPC.

Fig. 11. SEM images of one-part GPCs (a) GPC-C, (b) GPC-0.3DA, (c) GPC-0.4DA, and (d) GPC-0.5DA.
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more reactive. However, several factors contribute to the superior performance of DA mixes. Firstly, the commercial sodium silicate 
solution used in GPC-C contains a significant proportion of water (about 50%), which increases the water-to-binder ratio, dilutes the 
activator, and results in higher porosity and reduced gel densification. In contrast, DA mixes allow better control over water content 
and facilitate in-situ formation of sodium silicate via the thermochemical reaction between sodium hydroxide and the silica-rich WGP. 
This yields a more intimately bonded, highly cross-linked aluminosilicate gel network. Moreover, the dry blending process ensures 
more uniform activator dispersion, eliminating the segregation and alkali leaching risks typically associated with liquid activators. The 
inclusion of WGP also contributes additional pozzolanic reactivity and a micro-filler effect, further enhancing matrix densification. 
Collectively, these mechanisms explain the observed strength gains in DA-GPC mixes, particularly at higher activator dosages.

The mix GPC-DA0.5 exhibited a noticeable decline in compressive strength compared to GPC-DA0.4, with values reducing to 14.25 
± 1.4 MPa (heat-cured) and 8.65 ± 1.1 MPa (ambient-cured). This reduction indicates that further increase in the DA dosage beyond 
the optimum leads to over-alkalisation of the matrix. Excessive Na2O promotes rapid precipitation of aluminosilicate gel, generating 
localised shrinkage stresses and microcracks during curing. Consequently, the microstructure becomes more porous and brittle, 
resulting in premature load failure. Overall, GPC-DA0.5 demonstrates the threshold of activator efficiency, where additional alkali no 
longer contributes to strength development and instead destabilises the GP network, confirming GPC-DA0.4 as the optimum mix for 
mechanical and structural stability. These findings underscore the effectiveness of thermochemically synthesised DAs in delivering 
comparable or even superior performance to traditional liquid-based systems.

3.4.3. Microstructural analysis of the produced geopolymer composite

3.4.3.1. SEM. Fig. 11 shows the SEM micrographs of GPCs made using conventional liquid activators (GPC-C) and DA-based systems 
by varying DA/binder ratios. The comparative analysis highlights the distinct microstructural evolution with increasing DA dosage and 
represents the effectiveness of the thermochemically synthesised WGP-based activators.

The control GPC-C (Fig. 11a), produced with commercial sodium silicate and sodium hydroxide solutions, reveals a loosely packed 
and heterogeneous matrix. Several unreacted FA particles are visible, surrounded by insufficiently polymerised binder phases. The 
weak interface and porous nature of the matrix indicate that the rapid reaction and poor workability of liquid activator systems may 
hinder complete precursor dissolution and homogenous gel formation. In contrast, the GPC-DA0.3 sample (Fig. 11b) exhibits slight 
improvements but still retains notable unreacted FA particles and microcracks, indicating limited alkali activation due to an insuf
ficient activator dosage. The matrix remains porous and disjointed, leading to poor structural integrity and reduced compressive 
strength. A more refined microstructure is observed in GPC-DA0.4 (Fig. 11c), with the appearance of well-distributed N–A–S–H gel 
phases, exhibits a densely packed, homogeneous matrix with minimal porosity and strong binder cohesion. A continuous gel network is 
evident, and only a few glass residues are observed, likely acting as inert micro-fillers. The superior microstructure corresponds with 
the highest compressive strength observed across all mixes, confirming that higher DA content promotes better geo-polymerisation and 
microstructural development. This aligns with improved mechanical and rheological performance recorded for this mix.

The GPC-DA0.5 mix (Fig. 11d) shows a porous and partially compacted matrix with visible microcracks and unreacted particles, 
indicating over-activation. Excess alkali led to rapid gel precipitation and localized shrinkage, producing an inhomogeneous and brittle 
structure. Although chemically well-activated, the discontinuous N–A–S–H gel and weak particle bonding reduced compressive 
strength compared to the denser, more uniform matrix observed in GPC-DA0.4. The SEM observations presented in this study are 
primarily qualitative and intended to support the trends observed in mechanical performance. Quantitative image analysis, such as 
porosity estimation, pore size distribution, or gel area fraction measurement, was not conducted. While the micrographs provide visual 
confirmation of matrix densification and gel formation, future work incorporating quantitative image processing techniques would 
enable more rigorous correlation between microstructure and mechanical behaviour.

4. Sustainability and circular economy analysis

4.1. Methodology

A comparative cost and CO2 emission analysis was carried out for all GP mixes investigated in this study (conventional GPC, DA- 
based GPCs) and for a baseline OPC concrete. The calculations were normalised to 1 m3 of mortar/composite. Each mix was designed 
with the mix proportions used in this study, shown in Table 4. The OPC baseline assumed the sand volume (0.6 m3) and a 0.4 m3 

cement paste volume, using a typical cement density of 3150 kg/m3. The analysis followed an A1-A3 (cradle-to-gate) life-cycle 
boundary, accounting for raw material production, processing, and transportation while excluding operational aspects such as en
ergy consumption during curing, maintenance, service life performance, and end-of-life disposal or recycling to simplify the analysis.

4.2. Input parameters

The emission factors and unit costs were primarily drawn from Australian LCA studies, standard inventory sources, the Australian 
AusLCI database, and environmental product declarations. The embodied CO2e for OPC is estimated to be 0.7–0.9 kg CO2e/kg, and the 
cost is 0.25 AUD/kg, consistent with local life-cycle studies [64,65]. FA has emissions (0.02 kg CO2e/kg) based on industry fact sheets, 
and its average cost is 0.06–0.10 AUD/kg in Queensland markets [66]. Industrial activators like sodium hydroxide and sodium silicate, 
known for high embodied energy, carry emissions and cost of 0.7–1.12 kg CO2e/kg, 0.90 AUD/kg, and 0.5–0.7 kg CO2e/kg, 1.1 
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AUD/kg, respectively [67,68]. Fine sand emissions are modest (0.0048 kg CO2e/kg), with cost estimates of around 0.08 AUD/kg, 
based on Australian national price indices [69]. WGP was treated as waste materials, following ISO 14044 cut-off allocation; no 
embodied cost or CO2e was assigned to them. The alternative allocation for WGP (e.g., economic allocation including processing) may 
alter absolute values. Distances were assigned as 50 km for OPC, FA, sand, and activators, 50 km for WGP. The selected values are 
given in Table 9.

The transport distances and emission factors adopted in this study represent scenario-specific assumptions based on regional supply 
chain conditions and publicly available databases. These values may vary depending on geographical location, material sourcing 
practices, and transportation logistics. Therefore, the absolute embodied CO2 and cost values reported here should be interpreted 
within the defined system boundary and regional context. However, the comparative trends between conventional and dry activated 
systems are expected to remain consistent, as the dominant contribution arises from activator production rather than transport.

4.3. Calculations

For each mix, the total cost and embodied CO2 emissions were calculated using Eqs. 13 and 14, and the results are given in Table 10
and Fig. 12. 

CT
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1000
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Where mi = mass of material i (kg/m3), ci = unit cost (AUD/kg), EFi = unit CO2 emissions (kg/kg), di = transport distance (km), ftrans- 

cost = 0.14 AUD/t.km, and ftrans-CO2 = 0.102 CO2/t.km (Australian road freight).
The OPC mix recorded the highest embodied CO2 emissions (1031 kg/m3) and a total cost of 463 AUD/m3, driven by the high 

clinker content in OPC and its associated production and transport emissions. In comparison, the conventional GPC-C mix, while 
emitting only 404 kg/m3 of CO2e, was the most expensive at 704 AUD/m3, primarily due to the high cost of commercial sodium silicate 
and sodium hydroxide.

In contrast, the DA-based mixes (DA0.3–DA0.5) achieved significant reductions in both environmental and economic metrics. The 
GPC-DA0.3 mix demonstrated the lowest total CO2e (129 kg/m3) and cost (301 AUD/m3), representing an 68% reduction in CO2 
emissions and a 57% cost savings compared to GPC-C. Even at higher DA dosages (GPC-DA0.5), the CO2 emissions and cost remained 
significantly lower than both OPC and GPC-C, at 189 kg/m3 and 352 AUD/m3, respectively. The key contributor to these improve
ments is the replacement of energy and emission-intensive commercial sodium silicate with thermochemically synthesised sodium 
silicate derived from WGP. This valorisation of waste not only reduces material cost and embodied emissions to near zero but also 
minimises transport-related impacts due to the local availability of waste-based activators. The contributions of each parameter to
wards the total CO2 emissions and material cost in making one-part GPCs using WGP-based DA are shown in Fig. 13. The OPC system is 
highly dominated by cement production, which accounts for 68% of total cost and 98% of total embodied CO2, confirming the high 
environmental burden of clinker manufacturing. In contrast, the GP mixes distribute their impacts more evenly among raw materials. 
For the GPC-C mix, sodium silicate and sodium hydroxide together contribute nearly 70% of total cost and 90% of total CO2, reflecting 
the high energy demand of industrial activators. Substituting these with waste-derived DAs (DA0.3–DA0.5) substantially reduces both 
cost and emissions by up to 55–70% compared with GPC-C as FA and sand become the main contributors (40–60% of cost) with very 
low embodied CO2. In the DA-based systems, sodium hydroxide remains the largest single contributor to CO2 (70–80%), while 
transport represents only 5–8% of total impacts across all mixes. Overall, the analysis confirms that replacing commercial activators 
with dry-processed waste-derived alternatives significantly improves both the economic and environmental performance of GP 
binders.

5. Conclusions

This study successfully developed a sustainable and cost-effective one-part GP binder system by synthesising solid alkaline acti
vators from silica-rich waste glass powder through a thermochemical method. The following key conclusions can be drawn: 

• Waste glass powder can be synthesised to sodium silicate rich dry activators via a thermochemical process, confirmed by EDS and 
FTIR through the presence of sodium silicate phases. This validates waste glass as a viable silica source for producing reactive and 
sustainable solid activators.

Table 9 
Input values for cost and CO2 analysis.

Material FA WGP Sand NaOH Na2SiO3 OPC

Unit Cost (AUD/kg) 0.08 0 0.1 0.9 1.1 0.25
Emission (kg CO2e/kg) 0.02 0 0.005 1.12 0.7 0.85
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Table 10 
Comparison of cost and embodied CO2 emissions of OPC and DA-based GP mixes.

Mix type Material* Cost (AUD/m3) Transport Cost (AUD/m3) Total Cost (AUD/m3) Materials* CO2e (kg/m3) Transport CO2e (kg/m3) Total CO2e (kg/m3)

OPCC 442.20 19.95 462.15 1015.63 14.54 1030.17
GPC-C 682.63 20.84 703.47 388.51 15.19 403.7
GPC-DA0.3 280.67 19.55 300.22 114.43 14.24 128.68
GPC-DA0.4 307.13 18.61 325.74 143.83 13.57 157.40
GPC-DA0.5 333.68 20.84 352.52 173.33 15.21 188.54

Note: * = Include OPC, FA, WGP, sodium hydroxide, and sodium silicate.
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• The silica-to-sodium oxide molar ratio had the greatest effect on sodium silicate yield (72%), followed by reaction time (16%), 
water addition (9%), and temperature (3%). The optimum condition 1.5 ratio, 150 ◦C, 2 h, and 10 wt% water produced a balanced 
alkali-silica environment and up to 80% sodium silicate yield.

• The Taguchi SNR-ANOVA method effectively predicted and optimised activator yield with minimal trials, confirming its reliability 
for designing efficient thermochemical synthesis processes.

• Fresh GPC pastes with dry activator (DA/binder = 0.4) revealed a shear-thinning, Bingham-type flow. Oscillatory testing indicated 
increasing storage and loss moduli with angular frequency and a moderate rise in phase angle, signifying an elastic-dominant yet 
dissipative matrix may be ideal for field placement and 3D printing.

• GPC-DA0.4 mix achieved superior compressive strength (up to 24.5 MPa under heat curing) compared to the control liquid- 
activated GPC (18.5 MPa). This is attributed to better activator dispersion, in-situ sodium silicate formation, and matrix densifi
cation via the pozzolanic and micro-filler effects of waste glass.

Fig. 12. CO2 emissions and cost of producing one cubic meter of one-part GPCs.

Fig. 13. Contribution of individual constituents to (a) cost (AUD/m3) and (b) embodied CO2 emissions (kg/m3) for OPC, GPC, GPC–DA0.3, and 
GPC-DA0.5 mixes.
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• The one-part GPC mixes showed a 3–5% lower density than conventional GPC due to the lighter activator with maintained 
structural integrity. SEM micrographs validated a more compact and less porous matrix in DA mixes at higher activator dosages.

• Incorporating dry activators derived from waste glass significantly reduced environmental and economic burdens. At optimal 
dosages, the DA-based mix achieved a 60% reduction in CO2 emissions and 54% cost savings compared to conventional GPC, and 
up to 85% lower CO2 footprint compared to OPC concrete.

This work provides a practical alternative to conventional GPCs by introducing a safe, dry, and waste-derived activator system, 
suitable for field use, low-carbon construction. In this study, compressive strength was used as the primary mechanical indicator to 
evaluate the effectiveness of the thermochemically synthesised dry activator at the material screening stage. While the results 
demonstrate promising performance relative to conventional activator systems, additional properties such as flexural strength, tensile 
splitting strength, shrinkage behaviour, long-term durability, and chemical resistance should be evaluated in future investigations to 
fully establish structural suitability of the developed one-part geopolymer system. The sustainability assessment is limited to material 
production and transport stages; curing energy and long-term service performance were not included and deserve further investigation 
in future studies. Future work will also explore activator synthesis from other agro-industrial waste sources like ceramic waste powder, 
sugarcane bagasse ash.
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[15] A.İ. Çelik, U. Tunç, A. Bahrami, M. Karalar, M.A. Othuman Mydin, T. Alomayri, Y.O. Özkılıç, Use of waste glass powder toward more sustainable geopolymer 
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