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Abstract

The increasing demand for sustainable construction materials has driven research into
low-carbon geopolymers that mitigate both cement-related emissions and plastic and glass
waste accumulation. This study explores the development of geopolymer concrete incor-
porating fly ash (FA), slag (S), and FA + S blends, with 10% recycled crushed glass (RCG)
and recycled plastic waste (RPW) as partial coarse aggregate replacements. Compressive
strength testing revealed that FA + S-based geopolymers (25FA + S) with 100% ordinary
Portland cement (OPC) replacement achieved a 7-day strength of 24.6 MPa, representing a
98% improvement over control specimens. Slag-based geopolymers demonstrated water
absorption properties comparable to OPC, indicating enhanced durability. Microstructural
analyses using SEM, XRD, and EDS confirmed the formation of a dense aluminosilicate
matrix, with slag promoting FA reactivity and reinforcing interfacial transition zone (ITZ).
These effects contributed to superior mechanical performance and water resistance. Despite
minor shrinkage-induced cracking, full OPC replacement with S or FA + S geopolymers out-
performed control specimens, consistently exceeding the target strength of 15 MPa required
for low-impact, single-story housing applications within seven days. These findings under-
score the potential of geopolymer systems for rapid and sustainable construction, offering
an effective solution for reducing carbon footprints and repurposing industrial waste.

Keywords: recycled plastic; recycled crushed glass; green concrete; geopolymer; microstructure;
interfacial transition zone

1. Introduction

In recent years, house demanding has been rising rapidly, a trend that is particularly
problematic in developing countries experiencing significant population growth [1-3]. In
nations such as Indonesia, Nigeria, and Bangladesh, where a large portion of the population
lives on low incomes and population growth is high, the challenge of accessing affordable
housing is becoming more acute, and low-cost housing policies have been pursued [4-8].
Beyond external factors that are difficult to control, such as global economic trends and
market fluctuations, one of the primary drivers of high housing costs is the price of building
materials accounting for up to 80% of the total cost of a basic residential unit [9]. Therefore,
using alternative raw materials—particularly waste-derived resources requiring minimal
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processing—offers an economically and environmentally sustainable solution for residents,
governments, and the construction industry.

The construction industry significantly contributes to greenhouse gas emissions and
global warming, with Portland cement production alone accounting for 5-7% of global
anthropogenic CO, emissions [10]. These emissions are expected to rise with future infras-
tructural growth driven by population increases. Geopolymer cement, a greener alternative,
is produced by reacting an aluminosilicate source (e.g., fly ash, metakaolin) with a concen-
trated alkali hydroxide or silicate solution [11]. Unlike ordinary Portland cement (OPC),
geopolymer materials require about 50% less energy for production and can reduce the
carbon footprint by up to 80% in favorable conditions [12]. This is largely because its
ingredients can be sourced from industrial waste by-products such as fly ash or slag [13].
In addition to its environmental benefits, geopolymer cement has also been shown to be
cost-effective compared to OPC in some cases, particularly when industrial by-products are
used as primary precursors. For instance, Akhtar et al. (2022) performed a cost comparison
between geopolymer concrete and conventional concrete and found that geopolymer con-
crete had lower production cost ($73.70/m?3 vs. $81.65/m?3 for conventional concrete mix
following Bureau of Indian Standard) despite requiring specialized activators, due to the
elimination of cement and efficient use of industrial by-products [14]. Similarly, Rintala et al.
(2021) reported that waste-based blended geopolymeric materials significantly reduced
costs when considering carbon taxes, transport reductions, and long-term lifecycle bene-
fits [15]. These findings reinforce the premise that geopolymer technology, especially when
integrated with municipal and industrial waste streams, presents a compelling case for
both environmental sustainability and financial viability in construction applications. Thus,
adopting a waste reuse approach in geopolymer binder systems aligns more effectively
with the goals of (i) promoting green and sustainable practices, (ii) providing cost-effective
construction alternatives that address both carbon taxes and sustainability concerns, and
(iii) facilitating more affordable housing solutions.

The potential for glass waste reuse in construction materials has received increasing
attention. Researchers have explored using glass waste as a supplementary cementitious
material (SCM) and as a partial replacement for cement due to its pozzolanic properties [16].
In geopolymer systems, waste glass serves as a substitute for other aluminosilicate powders,
such as metakaolin, owing to its high concentration of amorphous silica, which can also
be utilized to produce alkaline activators [17,18]. However, the incorporation of glass
in cementitious systems requires careful consideration of expansion and cracking issues
caused by alkali-silica reaction (ASR). To mitigate these risks, glass typically needs to be
used in small percentages to avoid detrimental impacts on the concrete matrix. Additionally,
optimizing the performance of glass waste as a raw precursor in cementitious systems
often involves expensive and intricate treatment processes, such as high-temperature
calcination, which demand significant energy and can be less favorable from economic and
sustainability perspectives [19,20]. Using glass waste as crushed aggregate to replace coarse
natural aggregates aligns more closely with the scope of this study, offering a more practical
and less energy- and cost-intensive approach compared to the production of finely ground
glass powder. Although coarse glass aggregates present a higher risk of ASR compared to
fine aggregates [16], the incorporation of supplementary cementitious materials such as
slag or fly ash (FA), or the adoption of alkali-activated /geopolymer binder systems, has
been shown to more effectively suppress ASR-related durability issues than conventional
OPC-based systems [21,22]. Therefore, the use of glass waste as coarse aggregate, when
combined with geopolymer binders, represents a more viable, durable, and sustainable
solution for glass waste valorization in the construction industry.
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Plastic waste is a growing global issue. Using Indonesia as an example, it contributes
4% of global plastic waste as of 2020, projected to reach 15% by 2025 [23]. Poor waste
management exacerbates the problem—on Java Island, only 11.83% of urban plastic waste
is recycled, while 88.17% ends up in landfills or the environment [24]. This leads to se-
vere environmental, economic, and health consequences, including threats to biodiversity,
increased landfill costs, and microplastic contamination in the food chain [25,26]. How-
ever, plastic waste presents an untapped economic opportunity. Recent research explores
its potential use in construction materials, particularly in Portland cementitious systems,
offering a promising approach to repurposing waste into valuable resources [27,28]. Con-
crete incorporating plastic waste often results in low performance [29,30]. For example,
according to Luis et al., incorporating 7.5% plastic aggregates can reduce the compressive
strength of concrete by approximately 40-50% in the worst-case scenario [30]. Conversely,
the use of glass aggregates typically enhances concrete performance but is limited due to
potential alkali-silica reaction (ASR) risks when used in large quantities. Thus, combining
plastic and glass aggregates may offer a balanced approach, leveraging complementary
advantages while minimizing individual drawbacks. Earlier work [30,31], demonstrated
that the mechanical properties of concrete incorporating plastic and glass waste as partial
aggregate replacements were comparable to those of standard concrete [31,32]. This ap-
proach shows significant potential for advancing sustainable recycling of plastic and glass
waste in concrete production. However, since ordinary Portland cement (OPC) was the
primary binder in that study, its environmental impact remains a concern, given that OPC
is one of the largest contributors to greenhouse gas emissions in conventional concrete
production. Consequently, the sustainability benefits of that approach were limited by the
carbon footprint of the binder. In fact, despite the advantages of utilizing plastic and glass
waste and the well-established benefits of geopolymer systems, research integrating multi-
ple waste-derived aggregates into a single geopolymer matrix remains limited, restricting
the full realization of sustainability potential in construction materials.

In the present study, we aim to address this limitation by investigating the feasibility
of using a combination of non-biodegradable crushed glass and plastic aggregates in a
geopolymer concrete system, wherein OPC is entirely replaced with industrial by-products
such as slag and fly ash. Crushed glass aggregates in geopolymer matrices can chemically
react with alkaline activators (e.g., NaOH or Na,5iO3), initiating pozzolanic reactions that
form additional C—A-S-H (calcium aluminosilicate hydrate—a binding gel similar to C-5-
H but with partial substitution of Si by Al, commonly found in high-calcium geopolymer
systems) or N-A-S-H gels (sodium aluminosilicate hydrate, the primary geopolymer gel)
at the interface—an effect less pronounced in OPC systems. While plastic aggregates are
generally inert and bond poorly with OPC, the highly alkaline environment of geopolymer
binders can induce mild surface etching or micro-mechanical anchoring on treated plastic
surfaces, slightly improving adhesion. This substitution aims to enhance sustainability
and utilize cost-effective waste materials, aligning with the low-cost housing goals in
developing countries, without very much compromising on the necessary durability and
strength. While previous studies have explored geopolymer systems with industrial by-
products, limited research has focused on the synergistic effects of mixed plastic and glass
aggregates within these matrices. This study fills this gap by investigating how their
inclusion influences geopolymerization kinetics and phase composition. A key aspect is
understanding the interaction mechanisms, microstructural transformations, and phase
evolution within the modified binder system. Additionally, it is crucial to assess the
performance of the newly developed binder formulation, particularly its ITZ behavior,
microstructural integrity, and durability. To achieve this, SEM-EDS and XRD analyses
were conducted to characterize the morphological and compositional changes, as well
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as ITZ characteristics between the binder and aggregates. Furthermore, compressive
strength and water absorption tests were performed to evaluate mechanical integrity and
transport properties.

With compressive strength requirements for single-story housing typically ranging
from 10 to 15 MPa [9], this research aims to develop a geopolymer concrete that meets these
structural benchmarks while also mitigating reliance on natural sand. This is particularly
beneficial for countries experiencing severe sand shortages due to rapid infrastructure
expansion and resource depletion, as seen in Singapore and India [33]. By valorizing plastic
and glass waste into high-performance construction materials, this study contributes to
advancing circular economy principles, reducing environmental burden, and promoting
cost-effective, sustainable alternatives to traditional concrete.

2. Materials and Method
2.1. Materials

In this study, plastic waste was collected from household sources in Melbourne,
Australia. The recycled plastic waste (RPW) was shredded and prepared for use in concrete
mixtures. Recycled waste glass was obtained from a local recycling company in Victoria,
primarily consisting of glass from bottles and jars collected through domestic kerbside
recycling. Gravel and river sand were used as coarse and fine aggregates, respectively.
The recycled crushed glass (RCG) was processed to produce aggregates with an average
diameter of 5.5 mm to match that of the river sand aggregates. The particle size graduation
was verified by sieve analysis to ensure consistency with the control specimens, thereby
minimizing any grading-induced variability. Ordinary Portland Cement (OPC), ground
granulated blast furnace slag (S), and low-calcium Class F fly ash (FA) were sourced locally
from commercial suppliers. The chemical compositions of crushed glass and cement
powder (Tables 1 and 2), as well as slag and fly ash (Tables 3 and 4), were determined using
X-ray fluorescence (XRF) analysis. Alkali activation was achieved using sodium silicate
solution (Grade D, PQ Australia) with a SiO,:NayO molar ratio of 2.0, along with 8 M
sodium hydroxide (NaOH) solution, prepared by dissolving NaOH beads (98%, Sigma-
Aldrich) in deionized water.

Table 1. Bulk oxide components (wt.%) of RCG.

Compound Al,O3 SiO, CaO Fe, O3 K,O SO; Na,O MgO LOI
% 1.38 72.6 11.7 0.5 0.4 0.1 13.1 0.6 0.22
LOI: loss on ignition at 1000 °C.
Table 2. Bulk oxide components (wt.%) of OPC.
Compound Al,O3 SiO, CaO Fe, O3 K,O SO3 Na,O MgO L.O.L
% 4.5 20.3 62.9 4.6 0.3 2.6 0.3 1.2 3.3
LOI: loss on ignition at 1000 °C.
Table 3. Bulk oxide components (wt.%) of Slag.
Compound A1203 SiOz CaO Fe203 Kzo TiOZ Na20 MgO L.O.L.
% 12.4 32.6 45.06 0.25 0.28 0.57 0.25 5.4 3.19

LOI: loss on ignition at 1000 °C.
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Table 4. Bulk oxide components (wt.%) of Fly ash.
Compound Al,O3 SiO, CaO Fe, O3 K,O TiO, Na,O MgO L.O.L
Yo 18.6 70.7 1.95 2.82 1.50 0.75 0.48 0.43 277

LOI: loss on ignition at 1000 °C.

2.2. Sample Preparation

The coarse gravel aggregate, river sand, RPW, and RCG were oven-dried at 105 °C
for 24 h before use. The coarse aggregates used in this study had a particle size range of
5-19 mm, while RPW and RCG had an average particle size of approximately 5.5 mm.
River sand was used as the fine aggregate component in the concrete mixtures. It should
be noted that the particle size distribution (PSD) of the replacement materials differed
slightly from that of the natural aggregates: the RPW and RCG particles were coarser than
river sand but finer than the original coarse aggregates. Despite this variation, the total
aggregate volume and the binder-to-aggregate ratio were kept constant across all mixtures
to ensure mix consistency and preserve the overall packing density. This approach allowed
for a reliable comparison of material performance, with minimal influence from gradation-
related variability. A mixed Na;SiO3 and NaOH solutions were used as a liquid alkaline
activator for the activation of FA, S, and a binary precursor (FA + S) with a fixed FA:S ratio
of 50:50. A fixed Na,5iO3:NaOH ratio of 70:30, and an activator/precursor ratio of 0.4,
were adopted in this project. The molarity of the NaOH solution was kept constant at 8 mol
in this project. Different proportions of coarse aggregate, river sand, RPW, RCG, along
with geopolymers or cement and a desirable amount of superplasticizer, were mixed and
housed into a standard-sized mould (100 mm in diameter and 200 mm in height) to prepare
samples for the unconfined compressive strength (UCS) measurements. The samples were
demoulded after 24 h and further cured in a humidity chamber at room temperature for
the testing age of 7 and 28 days. Ambient curing was intentionally selected to minimize
energy consumption and align with the study’s focus on developing practical and low-
cost construction method, particularly in resource-constrained settings. The control mix
design adopted a fixed binder-to-aggregate ratio of 25% across all mixtures. In the control
specimen, 10% of the coarse aggregate volume in the M40 grade concrete mix [32] was
replaced with RPW and RCG at a fixed RPW:RCG ratio of 50:50, where such design mix
was chosen based on our earlier in-house trials and publications [32,34]. To explore more
sustainable alternatives, the fixed 25% binder portion in each mix was composed of either
100% OPC (in the control) or a combination of OPC and alkali-activated precursors—fly
ash (FA), slag (S), or a binary blend of FA and S (FA + S). Specifically, 10%, 15%, and 25% of
the total concrete mix (i.e., 40%, 60%, and 100% of the binder fraction, respectively) were
replaced with these precursors, representing increasing levels of OPC substitution. The
binder-to-aggregate ratio remained constant at 25% across all mixtures. Aggregates and the
cement precursor were first mixed in their dry form for 2-3 min until an even distribution
and consistent coloration were achieved. Sodium hydroxide (NaOH) solution was then
added, followed by sodium silicate (Na;5iO3) solution, maintaining a fixed Na;SiO3:NaOH
ratio of 70:30 and an activator liquid / precursor ratio of 0.4. These ratios were selected based
on their ability to achieve high strength in waste-reused geopolymer blends, as reported
by Arul et al. [34]. After mixing for an additional 2 min, superplasticizer was added to
enhance the workability of the concrete mixtures. After mixing, the concrete was cast into
cylindrical molds with dimensions of 100 mm in diameter and 200 mm in height. The
freshly cast specimens were left in the molds and placed in a humidity chamber (relative
humidity > 95%) for 24 h before demolding to prevent moisture lost. Following demolding,
the samples were further cured in a humidity chamber at room temperature for 7 and
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28 days. Different concrete mixtures were produced according to the mix designs out-
lined in Table 5. Concrete cube specimens measuring 50 mm were prepared for water
absorption testing.

Table 5. Mix design of concrete.

Mixes ID Total Binder Content
OPC only (control) C 100% OPC

10FA 40%FA + 60%0PC
FA-geopolymer mix 15FA 60%FA + 40%0OPC

25FA 100%FA

10S 40%S + 60%O0OPC
S-geopolymer mix 155 60%S + 40%O0PC

25S 100%S

10FA +S 40%(FA + S) + 60%O0OPC
(FA + S)-geopolymer mix 15FA + S 60%(FA + S) + 40%0PC

25FA + S 100%(FA + S)

Note: Aggregates in the mix design consisted of coarse aggregate + river sand + RPW+ RCG; water to solid ratio
(w/s) was 0.4.

2.3. Performance Evaluation and Characterisation

UCS tests were performed following ASTM C39 using a 2000 kN Tecnotest compres-
sion testing machine, applying an axial strain rate of 0.5% per minute. Two replicates for
7-day curing samples and three replicates for 28-day curing ones were tested for each mix
design, and the average value was reported.

Water absorption through capillary action was assessed in accordance with ASTM
C1403-15. Concrete cubes were dried in an oven at 105 °C for 24 h and allowed to cool to
room temperature prior to testing. These dried and cooled samples were then immersed in
a water bath for 28 days. The water absorption, At (g/100 cm?) was calculated using the
following equation:

Agg = (Warg — W) x 10,000/(Ly x Ly) 1)

where Wyg = the weight of the specimen at 28 days in grams, Wy = the initial weight of the
specimen in grams, L, = the average length of the test surface of the specimen cube in mm,
and L, = the average width of the test surface of the specimen cube in mm.

The morphological and microstructural changes of specimen were studied with Scan-
ning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy (SEM-EDS. This
technique combines the imaging capabilities of SEM to observe surface morphology with
the elemental analysis capabilities of EDS to determine the chemical composition of the
sample. A model Zeiss Supra 40 VP, operating with an accelerating potential ranging
from 5 to 15 kV was used. Special attention was given to the interfacial transition zone
(ITZ), which refers to the narrow region at the interface between the geopolymer binder
matrix and the embedded particles such as aggregates or fillers. In this study, the ITZ was
examined using SEM to assess morphological continuity (e.g., presence of cracks, voids,
or gaps) and EDS to analyze elemental gradients, both of which provide insight into the
effectiveness of the particle-matrix interaction. X-ray diffraction (XRD) was utilized to
understand the composition and crystallinity changes of the specimen (Co K«, Bruker
D8 Advance). The scanning range is 15° to 60° 26, with voltage and current set at 40 kV
and 15 mA, respectively. The resulting diffraction patterns were analyzed using Topas
Academic v4 (Bruker), which employs non-linear least-squares Rietveld refinement and
convolution-based peak profile fitting. This allowed for accurate separation of crystalline
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and amorphous contributions, enabling reliable determination of the degree of crystallinity
in each sample.

3. Results and Discussion
3.1. Phase Changes and Crystallinity Characterisation via XRD

To focus on the phase changes and compositional differences within the binder matrix
of the specimens, a sieving process was conducted to retain particles smaller than 75 um,
effectively filtering out inert aggregates and isolating the reactive binder phases. This
approach ensures that the analysis emphasizes the active components that contribute to
hydration or geopolymerization processes. Figure 1 illustrates the phase changes observed
in various binder systems, including Portland cement (C), fly ash (FA), slag (S), and fly
ash-slag (FA + S) based geopolymer samples, from 7 to 28 days of curing. The primary
crystalline phase detected in all samples is quartz (5iO,), highlighted in gray for easier
identification. The presence of quartz is likely due to its natural occurrence in the precursor
materials or fine aggregates, even at particle sizes below 75 pm. Quartz acts as an inert
filler that contributes positively to the mechanical properties of the binder matrix. Quartz
crystalline nature provides structural reinforcement to the material by enhancing packing
density and contributing to resistance against compressive forces, effectively improving the
strength of the overall composite [35]. However, quartz particles are chemically inert under
the conditions of both hydration and alkali activation, meaning they do not participate in
the chemical reactions responsible for the formation of binding phases [36]. The results
from this XRD analysis demonstrate differences of the hydration, geopolymerization, and
hybrid reactions in different cementitious systems, in terms of the phases formed, their
crystallinity, and their chemical composition. In the pure Portland cement system, the
formation of C-5-H, CaOH and ettringite were evident, as expected from typical OPC
hydration [37]. Clear peaks for C-5-H, portlandite and ettringite are clearly observed as
labelled in Figure 1.

Unlike the products of cement hydration, the reaction products from geopolymeriza-
tion are more challenging to identify due to their predominantly amorphous or poorly
crystalline nature. Specifically, the primary reaction products—sodium or calcium alumi-
nosilicate gels (N-A-S-H or C-A-S-H)—exhibit characteristic broad peaks instead of clear
sharp peaks in the XRD spectra. Such broad band is noticeable in FA-based geopolymer,
centered around 27° 20 was observed. Previous studies have reported a similar broad
peak for typical aluminosilicate geopolymer gels, typically located near 30-35° 26 [38].
In contrast, the hump associated with raw fly ash powder appears at a lower 20 angle,
approximately 20° [39]. The broad hump observed in this study is thus interpreted as a
combination of unreacted fly ash and the amorphous reaction products formed during
geopolymerization. This interpretation arises from the partial overlap of the diffraction pat-
terns of these two phases. Additionally, it is noteworthy that the XRD patterns of FA-based
geopolymers show limited or absent peaks for traditional cement hydration products, such
as portlandite and ettringite. The low calcium content in fly ash restricts the formation
of calcium silicate hydrate (C-S-H) and portlandite, thereby favoring the production of
N-A-5-H gel instead [40]. This lack of calcium availability explains the rare occurrence of
portlandite peaks in the XRD patterns of pure fly ash-based geopolymers. Moreover, the
analysis reveals peak corresponding to muscovite in the crystalline phase, which can be
attributed to the components present in the raw fly ash.

Similarly, a broad hump was observed in the XRD pattern of the slag-based geopoly-
mer; however, this hump was relatively narrower compared with that the fly ash-based
geopolymer and was located at a higher 26 value (approximately 35°). The presence of this
broad peak indicates the formation of amorphous or poorly crystalline phases (N-A-S-H
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and C-A-5-H), which are characteristic of the reaction products in geopolymer. Besides, the
high calcium content in slag (compared to FA) plays a significant role in the development
of binding phases within slag-based geopolymer systems [41]. In these environments, the
calcium primarily contributes to the formation of C-S-H and C-A-S-H phases, rather than
portlandite. This is primarily due to the high-alkaline conditions present during geopoly-
merization, which promote the dissolution of slag components [42]. The released calcium
ions react readily with dissolved silicate species in the highly alkaline environment, driven
by strong electrostatic attraction and the thermodynamic tendency to form low-energy,
stable hydrates. This facilitates the rapid nucleation and growth of C-S-H or C-A-S-H
gels [43]. In contrast to the hydration of OPC, where portlandite is a significant product,
the limited availability of excess calcium ions in alkali-activated systems leads to less
portlandite formation. Instead, the preferential reaction of calcium with silicates enhances
the development of these hydrating gels, which contribute significantly to the mechanical
properties and durability of the geopolymer. The low formation of portlandite in these
systems is crucial as it indicates a shift in the binding mechanism from traditional hydration
products to the formation of geopolymer gels, which are known for their long-term durabil-
ity and strength [44]. The XRD spectra observed in this study support these findings, with
notable peaks and broad humps corresponding to C-S-H and N-A-S-H/C-A-S-H phases.

In the case of a hybrid FA + S-based geopolymer, a broad hump was again observed,
located at an identical 26 value of approximately 35° compared with that of the slag-based
geopolymer. Notably, the position of the broad hump in the FA-based geopolymer ap-
peared in the low 26 region, around 27°, indicating that fly ash remains largely unreactive
in the pure FA-based system. However, the inclusion of slag significantly enhanced the
geopolymerization reaction, demonstrating that the presence of slag alters the reaction
kinetics in the pure fly ash-based geopolymer [34]. The increased concentration of calcium
ions (Ca?*) in the hybrid system facilitated the formation of typical hydration products
such as C-S5-H and ettringite, alongside the development of amorphous aluminosilicate
gel. This indicates a coexistence of hydration and geopolymerization reactions in the
complex hybrid matrix. The reactivity of fly ash in the presence of slag appears to be
enhanced due to the altered ionic environment and increased alkalinity contributed by
calcium-rich phases. Calcium ions not only promote early C~A-S-H gel formation, act-
ing as nucleation sites, but also encourage further dissolution of fly ash by consuming
silicates and sustaining ionic balance, thereby accelerating the geopolymerization process
and product development [45,46]. Additionally, muscovite peaks were consistently ob-
served in the FA-based geopolymer but disappeared in the 25FA + S-based geopolymer at
28 days of curing. This phenomenon suggests that muscovite crystals, which can dissolve
in alkaline media, participated in the geopolymerization process [47]. The dissolution
of these crystals highlights how the reactivity of fly ash is boosted in a more alkaline
FA + S-based environment. Slag, containing a high content of calcium oxides (CaO), creates
a strongly alkaline environment when dissolved in water. In contrast, fly ash primarily
consists of amorphous aluminosilicate materials and contains low amounts of calcium,
particularly in Class F fly ash. This reduced calcium content contributes to the relatively
lower alkalinity of fly ash compared with slag. Consequently, the addition of slag not only
enhances the overall reactivity of the geopolymer binder but also influences the structural
development and mechanical performance of the final material.
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Figure 1. XRD patterns of C, 25FA, 255 and 25FA + S specimens illustrating their crystalline and
amorphous changes at 7-day and 28-day. Amorphous broad band indicating the formation of
aluminosilicate gel was labelled. [Q = Quartz; P = Portlandite, C = Calcite, CSH = Calcium Silicate
Hydrate, Et = Ettringite, Mg = Magnetite, Mu = Muscovite, M = Mullite]. The peaks allocation was
referred to [39,47,48].

Table 6 presents the variations in crystalline and amorphous content of the geopolymer
specimens at both 7 and 28 days of curing. A comparative analysis between the 7-day
and 28-day specimens reveals a general increase in crystallinity over time. This trend
suggests that the geopolymerization reaction predominantly stabilizes by the 7-day mark,
as indicated by the nearly unchanged broad hump in the XRD patterns. Following the
7-day period, the hydration reactions begin to play a more significant role, particularly
in high-calcium geopolymer systems such as the 255 and 25FA + S mixtures. In these
cases, the crystallinity of the specimens increased by approximately 6% by 28 days. This
increase can be attributed to the continued reaction of the calcium ions released from the
slag with silicate species, leading to the formation of crystalline phases, including C-S-H
and ettringite [38]. Notably, the 255 sample exhibited the highest crystallinity at 7 days
(25.9%) compared to 25FA (16.0%) and 25FA + S (19.1%), indicating more rapid early-stage
phase formation, which correlates well with its superior early compressive strength. By
28 days, crystallinity further increased in 255 (to 31.7%) and 25FA + S (to 25.6%), reflecting
continued structural development, whereas the FA-only system showed limited change,
reinforcing its poor strength performance under ambient curing. This trend highlights the
critical role of slag in promoting crystalline phase evolution due to its high calcium content
and greater reactivity under alkaline conditions.
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Table 6. Changes in crystalline and amorphous content of specimens at 7 days and 28 days. Quantita-
tive crystallinity were determined by Topas Academic v4.

ID Curing Age (d) %-Crystallinity %-Amorphous
25FA 7 16.0 84.0
28 19.9 80.9
255 7 25.9 74.1
28 31.7 68.3
25FA +S 7 19.1 80.9
28 25.6 74.4

While comparing the crystallinity across the specimen groups, it could be noticed
that at 7 days, the 255 sample exhibited the highest crystallinity (25.9%) compared to
25FA (16.0%) and 25FA + S (19.1%), suggesting a more rapid early-stage reaction and
phase formation. By 28 days, this crystallinity gap further widened, with 25S increasing
to 31.7%, while 25FA + S rose to 25.6%, indicating continued structural development
in systems with higher slag content. This trend highlights the critical influence of slag
in promoting crystalline phase evolution due to its high calcium content and greater
reactivity under alkaline activation. In contrast, fly ash is largely composed of amorphous
aluminosilicate glass, which requires a longer activation period and typically contributes
to the formation of amorphous or poorly crystalline geopolymer gels (e.g., N-A-S-H) [49].
The lower crystallinity observed in the FA-based system (25FA) is consistent with this, as
geopolymerization tends to yield disordered three-dimensional aluminosilicate networks
rather than well-defined crystalline structures. The slower dissolution of fly ash particles
also delays the availability of reactive species, resulting in reduced early-stage phase
development [50].

The increasing crystallinity observed in 255 and 25FA + S over time can be attributed
to the formation of C-S-H and C-A-S-H-type hydration products, which are more crystalline
in nature and typically arise from calcium-rich precursors like slag [45]. These phases form
in parallel or in competition with geopolymer gels, particularly when slag is present in
significant amounts. This shift toward a more crystalline binder matrix in slag-containing
systems suggests that hydration-like reactions may dominate or complement geopoly-
merization, leading to denser and mechanically stronger microstructures. Therefore, the
crystallinity trend across these mixtures reflects the interplay between geopolymeriza-
tion (associated with amorphous gel formation) and hydration reactions (associated with
crystalline phase formation).

3.2. Compressive Strength

Figure 2 illustrates the compressive strength of OPC control specimens, FA, S and
FA + S-based geopolymer specimens at curing ages of 7 and 28 days. From Figure 2a, it was
evident that the geopolymer system containing only FA exhibits the lowest performance.
As the replacement ratio of FA increased, the compressive strength declined steeply. At a
full replacement ratio (100% OPC replacement within the binder content), the achievable
strength was negligible for 25FA, with a value of 0.35 MPa—representing only about 3% of
the strength of the control specimen (12.44 MPa). This indicated that at low FA replacement
levels, the compressive strength primarily originated from OPC hydration (e.g., C-5-H,
ettringite, portlandite), with limited or no contribution from the geopolymerization process.
Even at 28 days of curing, the compressive strength of the FA-based geopolymer showed
only a slight improvement, reaching 1.22 MPa, which remained significantly lower than
other specimens. The limited strength gain in FA-based geopolymers can be attributed to
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the dependency of geopolymerization on thermal activation. The geopolymerization reac-
tion of FA is highly temperature-sensitive, with the optimal curing temperature reported to
be between 65-75 °C [51]. When FA-based geopolymers are cured at room temperature, as
in this study, the reduced thermal energy limits the dissolution of aluminosilicate species,
thus hindering the formation of the geopolymer matrix. Consequently, the formation of the
aluminosilicate network remains incomplete, resulting in the observed poor mechanical
properties. This is corroborated by XRD findings, where a broad hump centered around 27°
26 was observed, indicating the presence of unreacted fly ash. The absence of crystalline
hydration products such as portlandite and ettringite in FA-based binders also confirms
limited calcium-driven phase formation, aligning with the weak mechanical performance.
The trend of limited strength development in FA-based geopolymers cured at room tem-
perature was reported in prior studies as well [34], where compressive strength values
remained in the range of 1-2 MPa.
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Figure 2. Unconfined Compressive Strength (UCS) results: (a) Comparison of control specimens and
geopolymer specimens with varying precursor types and different substitution ratios of OPC at 7 days
of curing; (b) Comparison of control specimens and 25FA, 255 and 25FA + S geopolymer specimens
at 28 days of curing. Error bars represent the standard deviation. The horizontal line indicates the
target compressive strength requirement for low-impact construction materials/single-story housing
(15 MPa). Refer to Table 5 for detailed mix design of labelled binders.

For the slag-based geopolymer, the compressive strength at 7 days was found to
be comparable to that of the control specimens. The strength gradually increased as the
replacement ratio of OPC by slag increased, eventually surpassing the control specimens
by approximately 16% when 100% replacement of OPC was achieved. This also meets the
strength requirements for low-impact, single-story housing. Although room temperature
curing is not ideal for slag-based geopolymer systems [52], their reactivity is significantly
higher compared to fly ash-based geopolymers. As discussed in Section 3.1, the calcium
content in slag plays a crucial role in increasing the pH when dissolved in an alkaline
activator, which enhances the dissolution of aluminosilicate species and accelerates the
geopolymerization process. This high alkalinity results in faster dissolution of reactive
phases, releases calcium that reacts more readily at room temperature, forming strength-
bearing products such as C-S-H and C-A-S-H, thereby facilitating setting and hardening.
The slag-based geopolymer exhibits a hybrid reaction mechanism, where both hydration
and geopolymerization occur simultaneously due to the higher calcium ion concentration
compared with the FA-based geopolymer. The hydration reaction is driven by calcium
ions, resulting in the formation of C-S-H, while the presence of sodium hydroxide in the
system activates the aluminosilicate species, promoting geopolymerization. XRD spectra
further support this dual-phase formation, showing a broad hump near 35° 20 attributed to
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amorphous C-A-S5-H/N-A-S5-H gels, along with minor crystalline peaks corresponding
to C-S-H. The lack of portlandite in the spectra suggests calcium was efficiently utilized
in gel formation rather than forming traditional hydration products. However, as the
proportion of slag increases and OPC content is reduced, the system begins to shift from
hydration-dominated reactions to the geopolymerization reaction. The observation that a
geopolymerization-dominated system (e.g., 255) can achieve greater early strength than
a hydration-dominated system (e.g., 10S + 150PC) implies that the reaction products of
geopolymerization are inherently stronger than those from hydration. The aluminosilicate
gel formed in geopolymerization (C-A-S-H and N-A-S-H) tends to produce a denser and
more homogeneous matrix compared with the C-S5-H produced through hydration. The
geopolymer gel creates a highly cross-linked, three-dimensional network structure that
enhances the material’s mechanical integrity [44]. The dense network formed by the
polymerization of silicate and aluminate species results in fewer voids and microcracks,
which lowers the porosity and increases the overall compressive strength of the material.
A similar strength development trend was observed in the FA + S-based geopolymer
system. At 7 days, the compressive strength was comparable to that of the control speci-
mens. As the replacement ratio of OPC with FA + S increased, the strength continued to
rise, ultimately surpassing the control specimens by 98% at full OPC replacement. This
strength far exceeds the requirements for low-impact, single-story housing. These findings
indicated that the enhanced dissolution and reactivity of fly ash in the presence of slag cre-
ate a synergistic effect that allows the hybrid system to achieve greater strength compared
with pure slag- or fly ash-based geopolymers. Yang et al. [38] also reported that binders
synthesized with 100% GGBFS do not achieve the highest compressive strength compared
with FA + S mixtures, suggesting that incorporating fly ash in the solid precursor positively
contributes to maintaining superior macro-mechanical properties of alkali-silicate-activated
binders. This synergy is reflected in the XRD pattern of the FA + S system, which shows
a broad hump near 35° 20—similar to the slag system—but notably lacks the muscovite
peak observed in the FA-based binder. This suggests active participation of aluminosil-
icate species in the reaction, confirming enhanced reactivity of FA when slag is present.
Additionally, the co-existence of C-S-H, ettringite, and amorphous gels implies that both
hydration and geopolymerization reactions occurred, contributing to the system’s superior
strength. In short, the early strength development in slag-based geopolymer systems (S
and FA + S) is primarily attributed to the abundant availability of calcium ions from slag,
which facilitates the rapid formation of C-A-S-H gels even under ambient curing, combined
with enhanced geopolymerization due to the high alkalinity of the activator solution.
However, at the 28-day curing, both 255 and 25FA + S geopolymers demonstrated com-
pressive strength lower than the control specimens. This can be explained by considering
several factors related to microstructure development and shrinkage behavior. Geopoly-
mer systems generally undergo relatively fast reaction kinetics compared to hydration in
traditional Portland cement. This rapid reaction leads to the formation of a dense matrix
at an early stage, which can hinder the continued reaction of any remaining unreacted
precursors at the later age, which is particularly true for non-optimal room temperature
curing of geopolymer system [53]. Once the activator solution is depleted, there may be
insufficient driving force for further geopolymerization, resulting in unreacted particles
being trapped within the matrix. These unreacted particles essentially act as weak points
that limit strength development. This interpretation is consistent with the XRD findings,
where the rate of crystallinity increase plateaued after 7 days, suggesting limited further
structural evolution despite higher total crystallinity at 28 days. As a result, while initial
strength may be comparable or even higher, the capacity for continued strength gain is
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limited compared to traditional OPC systems that benefit from ongoing hydration reactions
and densification over time.

Moreover, geopolymers are known to experience greater shrinkage compared with
OPC systems [54]. This shrinkage is primarily driven by the rapid dissolution of precursors
and the associated water loss during early-age reactions within the binder matrix. As a
result, microcracks may form and progressively propagate, compromising the structural
integrity over time. By 28 days, these shrinkage-induced microcracks can significantly
reduce compressive strength by creating weak zones within the matrix. Evidence of such
microcracking was clearly presented in Section 3.4, where the geopolymer specimens
exhibited visible internal fissures indicative of drying shrinkage effects.

3.3. Water Absorption

Water absorption is primarily governed by the interconnectivity of capillaries within
the concrete matrix [10]. A dense microstructure with few and small interconnected pores
reduces water ingress, thereby enhancing durability. Low water absorption is indicative of
better durability, as it limits the amount of water and potential contaminants entering the
concrete through its porous structure.

Generally, water absorption properties exhibit a linear relationship with the mechanical
properties of concrete specimens, as pore structure predominantly governs performance
characteristics. However, in this study, it was noted that the control specimen exhibited
the lowest water absorption among all samples (as shown in Figure 3), despite having
lower compressive strength than the 25FA and 25FA + S geopolymer specimens at the
7-day curing age. Similar findings were reported by Ismail et al. (48); while alkali-activated
binders exhibited higher mechanical strength, they had greater water absorption than OPC-
based specimens, with increased FA content further increasing water absorption [55]. One
possible factor contributing to this phenomenon is that fly ash and slag precursors typically
are more water susceptible than OPC [56]. The fine particle size of fly ash increases its
water demand due to its high surface area. Similarly, while slag has a slightly lower water
demand compared with fly ash, its angular morphology and greater surface area result in
higher water absorption than OPC. The irregular shape of slag particles contributes to a
more complex pore structure, which can trap water within the concrete matrix.
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Figure 3. Water absorption of 7-day curing control samples C, and samples with varying precursor
types and different substitution ratios.
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In geopolymer systems, particularly those based on fly ash or slag, water absorption
behavior is strongly influenced by both the extent of precursor activation and the type of
reaction products formed. The increased water absorption observed in the geopolymer
systems, particularly those containing fly ash, may be attributed to the presence of unreacted
raw precursor materials. These unreacted particles tend to retain water, contributing to
overall water absorption. Fly ash-based geopolymers, which form primarily N-A-S-H gels,
are known to develop a less compact and more open gel network compared with C-A-S-H-
rich matrices formed in slag-based systems. This difference in gel morphology can lead to
higher pore interconnectivity in fly ash systems, enhancing capillary-driven absorption. It
was observed that as the proportion of fly ash increased, water absorption correspondingly
increased. Moreover, the FA + S geopolymer absorbed more water than the pure slag system,
despite the 25FA + S mixture exhibiting higher strength and potentially better pore structure
compared with the 25S system. This apparent contradiction may stem from the dual-phase
nature of the FA + S system: while slag promotes dense C—A-S-H gel formation, the presence
of partially unreacted fly ash particles and incomplete geopolymerization can result in
microvoids or residual porosity, which increase water uptake. This can be explained by the
presence of unreacted fly ash, which has a high-water demand and contributes to the overall
absorption of water in the system. Additionally, from a practical standpoint, water absorption
testing serves as a durability indicator for long-term exposure in moisture-rich environments.
Higher absorption in FA-rich systems (which are not fully reacted and consumed) may not
directly degrade mechanical performance but could influence dimensional stability and
water permeability under immersion or fluctuating humidity conditions.

3.4. Microstructure

Figure 4 illustrates the interfacial transition zone (ITZ) between the binder system
and the RPW, which is the microstructural region at the interface where the binder and
aggregate interact physically and chemically, influencing strength and durability. In the
OPC-based system, the RPW appears to act primarily as an inert filler, with minimal
evidence of chemical interaction at the interface. This observation aligns with previous
study [57], which have highlighted the chemically non-reactive nature of plastic waste in
cementitious environments. The bonding at the ITZ in OPC matrices is predominantly
physical and weak, often characterized by interfacial voids and poor adhesion. However,
EDS analysis of the geopolymer system reveals enhanced interaction between the binder
and the plastic aggregate, with notable presence of Ca, Si, and Al elements detected on
the plastic surface. This improved interfacial behavior may be attributed to the highly
alkaline environment of the geopolymer matrix, which can induce mild surface etching of
plastic polymers, thereby improving mechanical interlocking and physical adhesion. These
findings suggest that plastic waste aggregates exhibit better interfacial compatibility in
alkali-activated systems compared to traditional OPC matrices.

EDS Spec 1

Figure 4. SEM-EDS analysis of the 28-day specimens: (a) control and (b) 25FA + S, illustrating the
ITZ interactions between the binder system and the RPW. The EDS analysis reveals the presence of



Recycling 2025, 10, 147

15 of 22

carbon, confirming the incorporation of RPW within the binder matrix. Spot ‘1" indicates the location
of the EDS analysis, with the corresponding results shown in the inset tables.

Figure 5 illustrates the ITZ interactions between the binder system and RCG, as well
as the microcracks and reaction products observed in the control, 25FA, 25S, and 25FA + S
concrete matrices at the 7-day curing age. In the control specimens, the ITZ appeared robust,
with hydration reaction products effectively bonding with the aggregates, indicating good
compatibility and strength development. In contrast, the 255 and 25FA + S specimens
exhibited slight delamination at the ITZ, likely attributable to significant shrinkage crack-
ing within the geopolymer matrix [58]. The presence of microcracks in the geopolymer
matrix closely resembles observations by Brough et al. [59], who attributed similar cracking
patterns to drying shrinkage effects in alkali-activated systems. From the SEM, it was
shown that while the geopolymer matrix appears denser than that of the control speci-
mens, it was also more susceptible to shrinkage-related damage. Notably, in the 25FA + S
specimen, a substantial amount of unreacted or partially reacted spherical fly ash particles
was evident [60], while the 255 geopolymer also contained some unreacted, angular slag
components [61]. These observations highlight an incomplete geopolymerization reaction
under the applied curing conditions, potentially resulting from inadequate heat or alkaline
activation—an issue similarly noted by Duxson et al. [62], who emphasized the importance
of optimizing activator concentration and curing temperature for full reaction development
of geopolymer. Despite the presence of poor ITZ interactions, microcracks, and incomplete
reactions, it was noteworthy that the 255 and 25FA + S geopolymers exhibited superior
compressive strength relative to the control specimen. This suggests that the aluminosilicate
gel network (C-A-S-H and/or N-A-S5-H) formed during geopolymerization is intrinsically
strong and capable of bridging localized flaws. It shows that geopolymer gels can exhibit
high mechanical performance even with partial reactivity and heterogeneity in the mi-
crostructure. On the other hand, the matrix of the 25FA geopolymer appeared significantly
powdery and filled with unreacted fly ash, resulting in a highly porous structure that
lacked proper bonding. This morphology was consistent with the poor mechanical per-
formance and high water absorption characteristics of this particular binder, highlighting
the necessity for improved activation and curing conditions to enhance its reactivity and
performance. The EDS analysis reveals higher concentrations of Al and Na ions in the
geopolymer-based systems compared with the control specimens, indicating the formation
of aluminosilicate gel. However, the low Na:Si ratio in the geopolymer mixes suggests
limited N-A-S-H gel formation, possibly due to sodium ion depletion via alternate path-
ways, such as absorption by the aggregate surface or reaction into less desirable crystalline
phases. This may result in a reduced effective liquid-to-powder (L/P) ratio, further limiting
the extent of geopolymerization and increasing shrinkage susceptibility [63].

Figure 6 depicts the ITZ interactions between the binder matrix and RCG, as well as
the microcracks and reaction products observed in the control, 25FA, 255, and 25FA + S
concrete matrices at 28 days of curing. Similarly, the ITZ in the control specimen appeared
to have a more cohesive boundary layer and the overall matrix was denser and more
homogeneous compared with the 7-day specimen. In the 25S specimen, the ITZ appeared
better bonded at 28 days compared with the 7-day specimen, with noticeable improvements
in the reduction of microcracks. The maximum crack width decreased from approximately
15 pm to 10 um, suggesting a beneficial late-age filling effect from hydration products,
which mitigated shrinkage cracks over time by filling the voids and improve bonding
with aggregates. This observation is consistent with the findings of Brough et al. [59],
who reported that microcracks gradually healed with extended curing age, attributed
to ongoing hydration and the pore-filling effects of late-age geopolymerization. On the
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other hand, the 25FA + S geopolymer system exhibited more severe delamination and an
increase in the size and number of cracks at 28 days compared with the 7-day specimen.
The maximum crack size increased from 5 pm to 12 pm, indicating that the geopolymer
matrix failed to compensate for shrinkage-related stresses effectively. The 25FA + S system,
due to the presence of low-calcium FA, is governed more by geopolymerization rather than
hydration. The worsening ITZ at the curing stage suggests that geopolymerization did not
adequately fill gaps or provide strong binding at the ITZ, which corroborates the earlier
discussion in Section 3.2 regarding insufficient late-stage densification in FA-containing
systems. The weaker ITZ and increased cracking in the FA-containing geopolymer systems
likely contribute to reduced load-transfer efficiency between the matrix and aggregates,
negatively impacting the overall compressive strength [64]. SEM analysis further revealed
that unreacted fly ash and slag particles not only failed to act as effective fillers but also
served as weak points in the binder matrix [65]. These unreacted particles were often
surrounded by cracks, forming poorly bonded interfaces with the gel matrix, which acted
as sources of failure. This observation was consistent with the compressive strength results,
where a slight decline in strength was recorded for the 25FA + S system from 7 days
to 28 days. The inability of the system to develop sufficient late-age strength through
geopolymerization, coupled with increased cracking, led to an overall deterioration in
its mechanical properties. Regarding the 25FA geopolymer, the matrix still exhibited a
powdery appearance with numerous unreacted fly ash particles, indicating incomplete
reaction. The porous structure observed suggested that the geopolymerization process
remained ineffective not only during the early stages but also throughout the later stages
of curing in the pure FA system, resulting in insufficient matrix densification and poor
mechanical integrity.
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Figure 5. SEM-EDS analysis of the 7-day specimens: (a) control (C), (b) 25FA, (c) 255, and (d) 25FA +S.
Crack propagation is highlighted with red dotted lines. The left-hand side SEM images illustrate
the interfacial transition zone (ITZ) interactions between the recycled glass aggregate and the binder
matrix. The yellow circle insets in (a,c) highlighted the presence of hydration products (C-S-H and
ettringite). Red-dotted lines highlight the cracking paths within the matrix. Spots labelled ‘1" and

2’ mark the locations of EDS analysis, with corresponding elemental compositions presented in the
inset EDS tables.
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Figure 6. SEM-EDS analysis of the 28-day specimens: (a) control (C), (b) 25FA, (c) 25S, and
(d) 25FA + S. Crack propagation is highlighted with red dotted lines. The left-hand side SEM images
illustrate the interfacial transition zone (ITZ) interactions between the recycled glass aggregate and
the binder matrix. The yellow circle inset in (c) highlighted the presence of hydration products (C-S-H
and ettringite). Red-dotted lines highlight the cracking paths within the matrix. Spots labelled 1" and
2’ mark the locations of EDS analysis, with corresponding elemental compositions presented in the
inset EDS tables.

4. Conclusions

In conclusion, this study demonstrates the viability of FA, S, and FA + S-based geopoly-
mers, combined with RPW and RCG, as sustainable alternatives to OPC for low-cost hous-
ing construction. Mechanical testing revealed that the 25% (FA + S) geopolymer mixture
achieved the highest early strength of 24.6 MPa at 7 days, which is 98% higher than control
specimen. Water absorption results indicated that the slag-based geopolymer specimens
demonstrated comparable performances to OPC samples. This confirms the potential for
full OPC replacement using geopolymers entirely derived from industrial by-products.
SEM-EDS and XRD analyses confirmed the presence of a dense microstructure in FA + S
and S-based geopolymers, along with improved interfacial bonding with recycled plastic
aggregates. This improvement is attributed to the highly alkaline geopolymer matrix,
which induces mild surface etching of the plastic, thereby promoting mechanical interlock-
ing at the interface. While glass aggregates initially exhibited good compatibility with the
geopolymer binder, signs of ITZ delamination were observed at later ages, likely due to
the severe shrinkage stresses developed during the geopolymerization process. On the
other hand, these analyses also identified incomplete geopolymerization, as evidenced
by unreacted FA and S particles, along with extensive shrinkage-driven cracking. These
findings highlight the need for improved curing conditions to prevent moisture loss and
mitigate shrinkage-induced cracking. Despite these challenges, the geopolymers met the
performance criteria for construction applications. While the beneficial effect of slag on en-
hancing reactivity is well recognized, this study specifically demonstrates that slag addition
not only accelerated early strength development but also promoted continuous structural
densification and crystallinity over time under ambient curing. At early ages, hydration-
driven reactions dominated, leading to the rapid formation of C-S-H and C-A-S-H gels. As
curing progressed, ongoing geopolymerization and further reaction of residual amorphous
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phases contributed to additional crystallization and microstructural refinement, resulting
in a denser and more durable binder matrix. This study underscores the environmental
benefits of replacing OPC with geopolymers, which utilize industrial by-products like fly
ash and slag to offer a low-carbon alternative to conventional cement. The incorporation of
waste-derived aggregates such as crushed plastic and glass further supports sustainable
resource use and waste reduction. The observed microstructural interactions emphasize
the feasibility of combining recycled materials with geopolymer binders, provided that
compatibility at the interfacial level is carefully managed through mix design and curing
strategies. By integrating geopolymers with recycled materials, this approach promotes
a circular economy model, particularly suited for developing regions seeking affordable
and durable construction solutions. Slag- and FA + S-based geopolymers achieved over
15 MPa compressive strength within 7 days and maintained values above this threshold
after 28 days, meeting the requirements for low-rise housing. Future work should explore
the long-term durability of these systems under aggressive environmental conditions.
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