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Abstract

This study develops an environmentally friendly geopolymer concrete (GPC) using wastepaper ash (WPA) and high-
density polyethylene (HDPE) granules, addressing environmental challenges such as wastepaper and HDPE disposal and
CO2 emissions from cement production. WPA was produced by incinerating wastepaper at 550 °C for one hour and used
as a partial replacement for MK in ratios of 10%, 20%, 30%, 40%, 50%, and 100%, while HDPE granules replaced river
sand in ratios from 1% to 5%. The results showed that the use of 30% WPA resulted in a compressive strength (CS) of
35.38 MPa, which was significantly higher than the control sample's CS of 31.62 MPa. The use of 30% WPA increased
slump due to lower water demand. The combination of 3% HDPE and 30% WPA further enhanced the mechanical
properties, resulting in a CS of 36.54 MPa, representing a 15.5% increase over the control. However, the addition of 3%
HDPE and 30% WPA reduced the slump, attributed to the increased friction from the HDPE granules. Advanced analyses,
including SEM, EDX, and XRD, confirmed a refined pore structure and increased geopolymerization in the treated GPC.
It is novel to optimize WPA and HDPE as waste products in the production of MK-based GPC.
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1. Introduction

The rapid expansion of the global population and the rising demand for advanced construction have heightened the
dependence on PC, the most common construction material globally. The manufacturing of ordinary PC accounts for
around 5% of total global greenhouse gas emissions and contributes about 30% of worldwide CO; emissions. Producing
one ton of ordinary PC emits approximately 0.53 tons of CO into the environment [1-3]. The substantial environmental
impact has prompted urgent demands for the creation of sustainable alternatives with lower carbon footprints [4].
Geopolymer cement has evolved as an appropriate substitute to conventional PC, employing natural ingredients or
industrial wastes and curing at ambient temperatures [5]. The chemical reaction of aluminosilicate-rich substances, such
as MK, fly ash (FA), and GGBS, with an alkaline activator solution produces geopolymer cement. This method creates
several solid phases, such as C-A-S-H, which makes the material better in terms of its microstructure, durability, and
mechanical properties [6-8].

Wastepaper constitutes a substantial portion of worldwide solid waste, produced at a yearly rate of around 400 million
tons from diverse sources, including newspapers and office documents [9-12]. Traditional disposal options, including
incineration and landfilling, provide significant environmental issues, such as soil and water contamination and the
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exhaustion of land resources [13-15]. In considering these problems, researchers are progressively investigating
efficient techniques for recycling waste materials, especially wastepaper [16, 17]. While cellulose in paper is non-toxic,
the inks used may include hazardous compounds that pose environmental dangers [18]. The necessity of recycling
highlights the possible economic and environmental advantages. Conventional recycling techniques have caused
environmental harm, prompting the exploration of more sustainable alternatives [19, 20]. A viable strategy involves
integrating waste byproducts, such as WPA, into construction materials [21]. Prior research suggests that the
incorporation of paper sludge ash into geopolymer mortars can improve their mechanical properties [22—26]. Most
studies have not explored the potential of WPA in geopolymer binders, particularly in relation to its impact on the
characteristics of GPC. Although prior studies have examined the use of discarded paper in alternative concrete
materials, such as papercrete and fibrous cement [27, 28]. Sadique et al. [27] investigated the production of papercrete
using discarded office paper, highlighting its limitations, such as elevated water absorption and lower CS. Additionally,
Solahuddin & Yahaya [16] investigated the incorporation of wastepaper fibers in fibrous cement. The absence of
evaluation of WPA's potential in geopolymer binders in previous studies highlights the gap in the literature about the
mechanical performance of GPC incorporated with WPA.

Recent studies have concentrated on the synergistic effects of employing various precursors in GPC, specifically
emphasizing the combination of MK, GGBS, FA, and dolomite to improve mechanical quality and sustainability. Luo
etal. [29] investigated the incorporation of 70% GGBS and 30% MK in self-compacting GPC, demonstrating significant
enhancements in compressive and tensile strengths attributed to increased C-S-H production, resulting in a more
compact microstructure. Gopalakrishna & Pasla [30] reported on ambient-cured geopolymer mortar consisting of 50%
fly ash, 30% GGBS, and 20% MK, highlighting the ideal composition that enhanced pozzolanic reactions and
mechanical properties. Thakur & Bawa [31] examined a composition consisting of 60% fly ash, 30% GGBS, and 10%
dolomite in their GPC, revealing that this distinctive combination significantly improves strength and durability,
particularly in terms of resistance to environmental challenges. The summarized results from these studies highlight the
potential of customized precursor combinations to yield high-performance GPC, presenting a viable alternative to
traditional cementitious materials while also minimizing environmental issues related to conventional concrete
production.

Moreover, the building sector is a major source of emissions of greenhouse gases, representing approximately 36%
of worldwide energy consumption and associated CO, emissions [32]. Cement and other construction materials
constitute more than 90% of emissions associated with building activities [33, 34]. This problem intensifies due to the
growing production of plastic waste, as only 9% of the estimated 100 million tons produced annually undergo recycling
[34-39]. To mitigate climate change, the building industry must implement sustainable technologies and materials,
including the recycling of waste resources [40]. Geopolymers, which are made up of materials that are high in
aluminosilicates and are activated by alkaline solutions, could be used instead of regular cement [41]. HDPE is a
promising reinforcing material owing to its chemical stability and resistance [42]. Research indicates that the integration
of recycled HDPE into concrete can improve CS and diminish greenhouse gas emissions associated with plastic waste
[43]. However, the impact of HDPE on GPC remains predominantly unexamined, as most studies concentrate on
traditional concrete. Recent studies have highlighted the potential of using HDPE in GPC to improve mechanical
qualities and promote sustainability. Atienza et al. [44] examined the integration of HDPE into foam fly ash
geopolymers, concentrating on CS, density, and thermal conductivities. They emphasized that the incorporation of this
material could enhance the mechanical properties of the geopolymer matrix, suggesting a necessity for additional
investigation into HDPE's function in GPC. In a supplementary investigation, Tamil Selvi et al. [45] used HDPE as a
partial replacement for coarse aggregate in traditional concrete at varying ratios of 1%, 2%, 3%, 4%, and 5%. Their
findings indicated that substituting 3% of coarse aggregate with HDPE led to a substantial enhancement in CS, STS,
and FS. This illustrates that even small amounts of HDPE can significantly enhance the mechanical qualities of GPC,
in accordance with sustainability goals, by employing waste resources. These findings indicate that the inclusion of
HDPE can improve the performance of GPC and promote ecologically sustainable construction methods.

The alkaline activator solution plays a vital role in geopolymerization by facilitating the formation of crystal
structures, particularly those composed of silicon (Si) and aluminum (Al). Commonly, this solution consists of sodium
hydroxide (NaOH) or potassium hydroxide (KOH), along with either sodium silicate (Na,SiOs) or potassium silicate
(K203Si). Numerous researchers recognize that the alkaline activator solution is essential for beginning the
polymerization reaction and that the incorporation of a silicate solution into NaOH and/or KOH facilitates the
polymerization process. Zhang et al. [46] supported the theory by showing that solutions of NaOH and Na,SiO3 had
higher CS than solutions of KOH and K,SiOs. Material safety categorizes alkaline compounds as either corrosive
(harmful) or irritating (less harmful). Corrosive substances like NaOH and KOH necessitate careful handling with
adequate protection, including gloves, safety glasses, and masks, especially in extensive applications [5]. Hydrated lime
products, including calcium hydroxide (Ca(OH)2), categorized as irritants, necessitate few protective measures and can
be used in substantial quantities without excessive caution. These reagents classify in this category as "friendly" [5].
Yang et al. [47] evaluated GPC's mechanical properties with GGBS utilizing (Ca(OH) ) as the principal activator at a
concentration of 7.5% of the total binder. This was supplemented with Na, SiO; and sodium carbonate Na, CO; at
concentrations of 1% and 2%, respectively. The results indicated that raising the water-to-binder (W/B) ratio adversely
affected the CS of the GPC. The CS of mixtures including Ca(OH), and Na, SiOs; was higher than that of mixes
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containing Na, COs. This study emphasizes the essential role of activator selection and curing techniques in improving
the efficacy of GGBS-based GPC formulations.

The integration of WPA and HDPE in GPC significantly diminishes the environmental effect relative to conventional
concrete during its lifecycle, primarily due to reduced CO, emissions during production, increased durability, and
superior end-of-life recycling alternatives. In contrast to Portland cement, which is responsible for roughly 8% of global
CO, emissions [48], the use of industrial by-products in GPC, such as wastepaper ash, thereby diminishes dependence
on virgin raw materials and redirects waste from landfills [49]. The use of HDPE, especially recovered plastic, enhances
sustainability by reducing plastic waste and encouraging a circular economy [50]. Furthermore, GPC demonstrates
superior resistance to chemical degradation and enhanced durability, potentially reducing maintenance requirements
[51], while its unique chemical composition allows for easier recycling than conventional concrete [52].

Based on these previous literature studies, there is a literature gap between the relevant application of WPA and
HDPE and the enhancement in mechanical properties of MK-based GPC. This research targets the advancement of the
creation of environmentally sustainable construction materials through the exploration of creative combinations, thereby
reducing the ecological footprint of the construction sector. The advancement of sustainable GPC has attracted
considerable attention, especially in substituting traditional materials with environmentally beneficial options. The
theoretical structure focuses on the geopolymerization process, in which aluminosilicate precursors such as MK interact
with alkaline activators to create a robust and resilient matrix. MK, as a highly reactive aluminosilicate, plays a vital
role in the development of the geopolymer gel by providing silica and alumina, essential for forming a dense network
of cross-linked bonds. The incorporation of WPA, characterized by its high calcium content, promotes the synthesis of
the C-A-S-H gel, which combines with the geopolymer gel to improve mechanical strength and durability. The study
involves creating a mixture of Ca(OH), and Na, SiO; , which is essential for optimizing reaction kinetics and
microstructure. Ca(OH), promotes the release of supplementary calcium ions, contributing to the synthesis of C-A-S-
H gel, while Na, SiO; acts as a source of soluble silica, enhancing the production of the geopolymer gel. In
combination, these activators improve the binding characteristics, yielding a denser and more resilient matrix.

2. Material and Methods

GPC is developed utilizing a variety of raw materials, including MK, gravel, river sand, HDPE, WPA, Na;SiOs,
Ca(OH),, and superplasticizer (SP). Figure 1 depicts these materials, which were purchased from Malaysian building
supply companies. Kaolin Malaysia Sdn. Bhd. provides powdered MK Figure 1-a, while Fizlestari Plastic Sdn. Bhd.
supplies HDPE granules with sizes less than 2 mm in diameter Figure 1-d. Local wastepaper from offices and residences
in Kajang, Selangor, Malaysia, is collected and incinerated at 550°C for one hour. This method intends to produce finely
amorphous WPA Figure 1-b, which is necessary for the reactivity required for GPC. As reported by Cordeiro et al. [53],
high-temperature incineration is effective for creating high-quality ash, serving as a predominantly amorphous pozzolan.
Table 1 highlights the basic characteristics of the main raw ingredients used in the creation of the GPC. Bulk density
measurements show that WPA, at 563 kg/m?, falls between MK and Ca(OH),. Its bulk density is similar to fly ash from
pulp and paper mills, according to Cherian and Siddiqua [54]. WPA has a specific gravity of 2.41, which is lower than
MK but higher than Ca(OH),. Blaine fineness testing reveals that WPA has a lower value than MK and Ca(OH),. HDPE
granules have a bulk density of 935 kg/m?3, a specific gravity of 0.95, and a water absorption of 0.01%. Na,SiOj; standards
play an important role in maintaining consistent outcomes regarding strength and durability in GPC Figure 1-e. The
SiO; and NazO levels in the Na,SiOs solution were 32.5% and 16.5%, respectively, to ensure appropriate chemical
reactions throughout the mixing and curing process. A total water percentage of 51% in Na,SiOs (as presented in Table
2) is necessary to achieve the desired bonding and strength in the geopolymer combination. Superplasticizer Master
Glenium PCE 8522 was used in this study to allow for a reduction in water content, which is necessary for making high-
strength GPC Figure 1-f. In this study, white Ca (OH). powder with a purity level of 96% and a molarity of 74.10 g/mol
was used, highlighting its crucial function in the binder production process Figure 1-c.

() (b)

(d (© (0

Figure 1. Images of the raw materials a) MK, b) WPA, c) Ca(OH)2 powder, d) HDPE granules, e) NazSiOs, f) superplasticizer
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Table 1. Physical properties of the raw materials

Basic properties

Raw material
Bulk density (kg/m®)  Specific gravity  Blaine fineness (cm?/g)  Water absorption (%)

MK 1580 2.56 6631 -

WPA 563 241 2482 -

Calcium hydroxide 480 212 3189 -
HDPE 935 0.95 - 0.01
River sand 1337 2.55 - 1.27
Gravel 1588 249 - 0.83

Table 2. Chemical components of the raw materials

Percentage of weight (%)

Chemical Composition

MK WPA Sodium silicate River sand
Aluminium oxide (Al,O3) 40.8 20.200 - 1.470
Silicon dioxide (SiO,) 51.8 26.250 325 96.735
Phosphorus pentoxide (P,0s) 1.67 0.565 - -
Potassium oxide (K;0) 0.228 0.542 - 0.295
Calcium oxide (CaO) 0.711 50.200 - 0.140
Titanium dioxide (TiOy) 3.13 0.285 - 0.015
Ferric oxide (Fe;Os) 1.237 1.120 - 0.565
Zinc oxide (Zn0O) 0.018 - - -
Gallium oxide (Ga,03) 0.03 - - -
Barium oxide (BaO) - 0.028
ZrO; (Zirconium (IV) oxide) - 0.032
Strontium oxide (SrO) 0.089 - - -
Yttrium oxide (Y20s) 0.013 - - -
Zirconium dioxide (ZrO,) 0.263 0.038 - -
Niobium (V) oxide (Nb,Os) 0.011 - - -
Sodium oxide (Na,O) - 0.530 16.5 -
Vanadium(V) oxide (V,0s) - 0.01 - -
Manganese (I1) oxide (MnO) - 0.038
Palladinite (PdO) - 0.0524
Water (H,0) - - 51 -
Loss on ignition - 0.1096 - 0.78
Total weight (%) 100 100 100 100

2.1. Mix Design and Experimental Preparation

A comprehensive laboratory work plan was created to assess the properties of the GPC samples, as detailed in the
flowchart presented in Figure 2. The control GPC mixture comprised 400 kg/m? of MK, 240 kg/m3 of Na,SiOs, 160
kg/m?3 of Ca(OH),, 732 kg/m? of gravel, 366 kg/m? of river sand, 8.4 kg/m3 of superplasticizer, and 420 kg/m? of water,
based on the published work by Midhin et al. [55] as specified in Table 3. The gravel exhibited a bulk density of 1588
kg/m? and a specific gravity of 2.49, whereas the river sand had a specific gravity of 2.55 and a fineness modulus of
2.71, as seen in Table 1. The control GPC mixture had a water-to-solid binder ratio of 0.75, with a Na,SiO3 to Ca(OH).
ratio of 1.5. The dosage of superplasticizer was established at 1.5% of the total binder weight. The distribution of gravel
particle sizes and river sand was assessed using the dry sieving method, while a particle size analysis was utilized to
evaluate the size of MK and WPA particles. The sieve analysis results indicate that both sand and gravel conform to
ASTM C33 [56] criteria, making them appropriate for construction use without modifications. The particle size analysis,
depicted in Figure 3, demonstrated that MK exhibited smaller particles than WPA, hence enhancing their reactivity
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during geopolymerization through improved contact with the alkaline activator, aggregates, and water in GPC. The
specimen preparation conformed to standards, with designated methods of testing implemented for each mechanical
property. The CS tests followed the standards of BS EN 12390-3:2019 [57], while the STS tests conformed to BS EN
12390-6:2009 [58]. FS tests were performed in accordance with ASTM C293M-16 (2016) [59], whereas UPV testing
followed ASTM C597-16 [60] standards. Furthermore, ASTM C642-21 [61] was employed for water absorption testing,
ensuring a precise assessment of the characteristics of the GPC samples. For the evaluations, we created cubes measuring
100%100x100 mm, and cylinders measuring 150300 mm for CS testing, cylinders measuring 100200 mm for STS
testing, and prisms measuring 500x100x100 mm for FS testing. Non-destructive UPV testing was performed to evaluate
the speed and duration of pulse transmission through the material, facilitating strength prediction, while water absorption
tests measured the material's resistance to moisture penetration. The preparation and testing procedures were established
to provide a comprehensive evaluation of the GPC's mechanical properties.

v v

Control geopolymer concrete wastepaper ash and HDPE
cubes geopolymer concrete cube

Figure 2. The flow chart of the experimental work
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Figure 3. Particle size distribution curves of the raw materials

In the treated GPC, WPA was utilized to substitute MK at replacement rates of 10%, 20%, 30%, 40%, 50%, and
100%. Kumar et al. [62] found that the incorporation of GGBS in GPC permits a partial replacement of MK by up to
80%. Table 3 presents the proportions of raw materials used for the WPA GPC mixtures. GPC samples were made
according to these mix designs (Figure 4-a) and were promptly covered with plastic film post-casting to avoid moisture.
Following a 24-hour period, the samples were removed from their moulds, wrapped in aluminum foil, and then cured in
a heated environment at 80°C for a further 24 hours (Figure 4-b). After heat treatment, the samples were removed from
the oven (Figure 4-c), re-wrapped in plastic film, and preserved under ambient conditions until testing. The CS values
were derived by averaging the findings from three samples for each mixture. Both the control and treated GPC samples
were evaluated for CS using a universal testing machine, as illustrated in Figure 4-d. The composition with the highest
28-day average CS among the treated samples was identified as optimal. Thereafter, both the treated samples and the
control samples were cast and cured for varying periods (2, 5, 7, 14, 21, and 28 days) post-heat treatment to observe CS
development affected by the pozzolanic activity of WPA. After determining the optimal WPA content, substituted
varying proportions of high-HDPE granules (1%, 2%, 3%, 4%, and 5%) for portions of river sand in the treated GPC.
Table 4 highlights the mix designs with 30% WPA and differing HDPE percentages. The HDPE-modified mixture with
the highest 28-day average CS was determined to be the most effective. Control and HDPE-treated GPC samples were
subsequently cast and cured for 2, 5, 7, 14, 21, and 28 days following heat curing and evaluated for CS, STS, FS, and
UPV. The treated GPC samples were analyses for water absorption in comparison to the control samples to measure
water resistance. SEM analysis was conducted on both control and optimally treated samples to examine the pozzolanic
effects garnered by the WPA. Furthermore, EDX and XRD investigations were performed to identify the elemental
composition and mineral phases in the GPC samples.

Table 3. The trial mix proportion of the raw materials for designs of the WPA GPC in kg/m?3

Sample name MK WPA Na,SiO; Ca(OH); Gravel Sand Water (SP)
WPAO (Control) [55] 400 0 240 160 732 366 420 8.4
WPAI10 360 40 240 160 732 366 420 8.4
WPA20 320 80 240 160 732 366 420 8.4
WPA30 280 120 240 160 732 366 420 8.4
WPA40 240 160 240 160 732 366 420 8.4
WPAS0 200 200 240 160 732 366 420 8.4
WPA100 0 400 240 160 732 366 420 8.4
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Figure 4. (a) the samples during casting, (b) the samples during steam oven curing, (c) the samples after casting, and (d) the
Universal Testing Machine

Table 4. The trial mix proportion of the raw materials for designs of the treated GPC in kg/m?

Samplename MK  WPA  NasSiO; Ca(OH), Gravel Sand HDPE  Water (SP)

HDPEO 280 120 240 160 732 366 0 420 8.4
HDPE1 280 120 240 160 732 362.34 3.66 420 8.4
HDPE2 280 120 240 160 732 358.68 7.32 420 8.4
HDPE3 280 120 240 160 732 355.02 10.98 420 8.4
HDPE4 280 120 240 160 732 351.36 14.64 420 8.4
HDPES 280 120 240 160 732 347.7 18.3 420 8.4

3. Results and Discussion

The study begins with a wavelength dispersive X-ray fluorescence (WDXRF) assessment to identify the raw
materials' chemical structure. The influence of WPA and HDPE on the bonding processes in treated GPC was examined
by analyzing the 28-day peak CS findings. This comparison involved analyzing the partial substitution of MK with
WPA and replacing river sand with HDPE granules at a microscopic level. The influence of curing on peak mechanical
properties including CS, STS, and FS as well as water absorption was assessed for both control and treated GPC samples,
revealing an enhancement in peak strength and a decrease in water penetration. According to Vu et al. [63], these results
help set the characteristic CS, which is an important factor in the design of the structure and quality control of GPC.
Wong et al. [64] and Wang et al. [65] have conducted prior research that highlights the importance of CS in enhancing
the proportions of the concrete mix. The internal structure and chemical properties of both control and treated GPC
specimens were examined at the microstructural level, including an investigation of common failure modes in GPC
cylinders and their relationship with compressive stress-strain behavior. The following sections delve deeper into the
detailed properties of the GPC samples, covering both macro- and micro-level observations to provide a comprehensive
understanding of the material's performance.
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3.1. WDXRF Analysis on the Used Precursor Materials

The chemical analysis of the raw materials was conducted utilizing WDXRF tests, with the results presented in Table
2. WDXRF analysis was conducted using a Rigaku Supermini 200 Spectrometer, recognized for its high-power benchtop
sequential WDXRF capabilities, making it suitable for quantifying oxide components necessary for GPC synthesis.
Analysis of MK oxide compounds demonstrated a silica-to-alumina (SiO2/Al,Oz) molar ratio of 1.27, signifying an
adequate quantity of silicate for the geopolymerization process. Fletcher et al. [66] investigated geopolymer systems
based on MK with varying SiO2/Al;,Oz ratios, from 0.5 to 300, and determined that the optimal ratio for strong
development is SiO,/Al,03 = 2. Moreover, geopolymer mixtures with elevated Si content necessitated supplementary
water, leading to the formation of hydrated Al species exhibiting octahedral coordination. Autef et al. [67] discovered
that amorphous silica is essential for the development of the geopolymer structure.

The CaO and SiO, weights of WPA were found to be 50.200% and 26.250%, respectively, indicating a CaO/SiO
molar ratio of 1.912 and demonstrating its pozzolanic properties. Meko & Ighalo [68] discovered that WPA included
50.88% CaO and 29.20% SiO,, with a slightly lower CaO/SiO, molar ratio of 1.742. Such a comparison implies that
paper ash is pozzolanic in nature. The high calcium content (50.200%) of WPA results in the development of strong C-
A-S-H gels. Adesanya et al. [23] reported additional evidence of the pozzolanic activity generated by paper sludge ash
in geopolymer cement. This value is significant because it is comparable to the CaO concentrations typically found in
GGBS, a widely utilized supplementary cementitious material in GPC production. Prior research has indicated that CaO
contents in GGBS vary between 39.23% and 52.69% [69-72]. The comparable CaO content highlights the pozzolanic
capability of WPA, indicating its effectiveness in facilitating the formation of robust (C-A-S-H) gels, essential for
improving the mechanical properties of the resultant GPC. The presence of heavy metal compounds, including 0.01%
V>0s, 0.038% MnO, 0.285% TiO,, 0.028% BaO, 0.038% ZrO,, and 0.0524% PdO, illustrates the harmful effects of
WPA.. The major component of the river sand was quartz, demonstrated by its SiO, composition of 96.735% by weight.

3.2. Fresh Properties and Setting Time

This section summarizes the findings of slump tests conducted to assess the water content, consistency of GPC, and
setting times. The experiment employed three different types of GPC: 100% MK, a mixture of 70% MK and 30% WPA,
and a mixture of 70% MK, 30% WPA, and 3% HDPE. Workability assessments were conducted by mixing each batch
with fresh GPC. The slump test is an essential method for assessing the fluidity and workability of GPC mixes. Figure
5 illustrates that the incorporation of 30% WPA and 3% HDPE influences the slump results of GPC. The slump increases
by 8.86% when 30% WPA is incorporated, reaching 86 mm, compared to 79 mm with 100% MK [55]. The increase
may be ascribed to the lower fineness modulus of WPA compared to MK, demanding less water and enhancing the
workability of GPC. This result aligns with a recent work on slag/fly ash blends [73, 74], which indicated that the large
surface area of slag necessitates much water, leading to reduced slump. The incorporation of 3% HDPE into a mixture
containing 30% WPA led to a 4.65% decrease in slump, reducing it to 82 mm, in contrast to the mixture containing only
30% WPA. The roughness of HDPE particles and their large surface area, which facilitates significantly reduced
workability, may be the cause of this reduction. Prior studies focusing on polyethylene terephthalate (PET) and recycled
plastic in concrete [75, 76] confirm this. The results align with the studies by Jindal et al. [77] and Wagas et al. [78],
which found that substituting fly ash with 30% GGBS yields a low slump value.

= Control [55] 30%WPA 30%WPA3%HDPE
90

86

80 1

75 1

Slump (mm)

65 1

60

50 -

GPC Mixtures

Figure 5. The slump test results of different geopolymer concrete mixtures
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Figure 6 presents the results of the time-setting assessment for GPC paste, which used varying amounts of MK and
30% WPA. Incorporating 30% WPA into the geopolymer mixture significantly enhances setting times, yielding a 11 %
reduction in the initial setting and a 28.5% reduction in the final setting. The MK geopolymer blend exhibits initial and
final setting periods of 18 and 70 minutes [55], respectively; however, the incorporation of 30% WPA reduces the
periods to 16 and 50 minutes, respectively. WPA in the GPC mixture induces rapid solidification, which significantly
enhances performance. The elevated CaO concentration in WPA relative to MK is the primary reason for this
enhancement. Research by Xie et al. [79] and Lee et al. [80] suggests that the presence of CaO serves as an effective
heterogeneous nucleation site inside the paste, thereby expediting the setting process. The catalytic effect of CaO
significantly reduces the setting time of GPC paste, emphasizing the enhanced performance characteristics obtained
with the addition of WPA. The combination of MK and 30% WPA significantly changes the setting behavior of the
geopolymer mixture, suggesting an effective approach to enhancing the time-setting properties of GPC formulations.
The results underscore the essential role of WPA in facilitating rapid solidification; hence, accelerating the setting
process and enhancing the overall effectiveness of GPC paste. Hadi et al. [81] observed that the inclusion of 40% GGBS
with a high CaO content in GPC yielded initial and final setting times of 33 and 58 minutes, respectively. The results
indicated that elevating the GGBFS content can significantly accelerate the setting of geopolymer pastes [82].

80

70 70 Initial time Finall time

60 -
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0 T
100% MK [55] 70%MK30%WPA

Figure 6. Initial and final setting time of different geopolymer concrete mixtures

3.3. Effect of Partial MK Replacement with WPA on the CS of the GPC

This section examines the impact of substituting MK with WPA on CS. The replacement of 10% WPA for MK in
GPC was comprehensively assessed, with the findings illustrated in Figure 7. The figure demonstrates the effect of this
substitution on the CS of GPC samples at various ages. The data clearly show that substituting MK with 10% WPA
yields significantly higher CS compared to control samples [55]. The CSs at ages 2, 5, 7, 14, 21, and 28 days were 16.3
MPa, 20.22 MPa, 25.1 MPa, 26.73 MPa, 30.73 MPa, and 33.25 MPa, respectively. The CS of the 10% WPA samples
exceeded that of the control samples by 10.5%, 7.5%, 7.3%, 7.7%, 9.3%, and 5% at the corresponding ages, respectively.
Moreover, the findings indicate that the incorporation of 20% WPA yields superior CS compared to samples with 10%
WPA.. After two days, the CS of the GPC with 20% WPA was 16.62 MPa, indicating a 2% increase compared to the
samples with 10% WPA. The trend continued throughout the curing period, yielding strengths of 21.13 MPa at 5 days,
25.44 MPa at 7 days, 27.65 MPa at 14 days, 31.47 MPa at 21 days, and 34.12 MPa at 28 days. These findings underscore
the substantial impact of enhancing WPA substitution on CS of GPC. Moreover, the findings indicate that 30% WPA
yields superior CS compared to 20% WPA. The GPC with 30% WPA had a CS of 17.2 MPa after two days, which is
3.48% higher than the samples with 20% WPA. The enhancement continued over time, achieving 21.78 MPa after 5
days, 25.88 MPa after 7 days, 29.3 MPa after 14 days, 33 MPa after 21 days, and 35.38 MPa after 28 days of curing.
The 30% WPA samples had significantly elevated CS compared to the control samples, with increases of 16.7%, 15.8%,
10.7%, 18%, 17.4%, and 12% at the corresponding ages, respectively. The elevated concentration of calcium oxide in
WPA is primarily responsible for the noted rise in CS.

Poloju & Srinivasu [83] reported that high levels of CaO make it easier for C-A-S-H gels to form quickly in GPC.
Moreover, the combination of WPA and MK with Ca(OH), enhances the synthesis of calcium compounds, yielding a
more compact geopolymer microstructure comprising C-A-S-H, C-S-H, and N-A-S-H gel. This leads to a significant
rise in CS [74, 79, 80, 83]. The interaction of SiO; and Al,O3 in MK, along with SiO,, Al>Os, and CaO in WPA and an
alkali activator solution, facilitated the formation of N-A-S-H and C-A-S-H gels in GPC, as reported by Pawluczuk et
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al. [84]. The formulation of these gels results in enhanced CS. The activation effect of Ca?* enhanced the polymerization
of GPC as the proportion of WPA binder increased, leading to elevated CS at an early age. Comparing the findings to
earlier research, Shilar et al. [85] found that adding up to 30% GGBS, which is high in calcium oxide (CaO), to MK
increased the CS of GPC. This was mostly due to the creation of a hybrid gel system with C-A-S-H and N-A-S-H. The
C-A-S-H gel plays a crucial role in filling the gaps in the matrix, leading to a decrease in porosity and an increase in
load-bearing capacity and thereby significantly enhancing the overall strength of the GPC. Elevated CaO levels
accelerate the geopolymerization process, enhancing early-age strength development and making GGBS-enhanced GPC
suitable for applications that demand rapid strength gain, like precast elements. Consequently, the use of CaO-rich
GGBS enhances its mechanical properties while also improving the durability and service life of GPC.
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Figure 7. Effect of WPA as a replacement of MK on the CS of the GPC

The findings indicate that the incorporation of 40% WPA yielded CSs of 16.77 MPa, 21.66 MPa, 25.45 MPa, 28.22
MPa, 32.1 MPa, and 34.95 MPa after 2, 5, 7, 14, 21, and 28 days, respectively. Throughout these periods, the CS of the
40% WPA samples was slightly lower by 2.5%, 0.55%, 1.66%, 3.68%, 2.73%, and 1.21% compared to the 30% WPA
samples. The 40% WPA samples demonstrated better CS values compared to the control samples and those with 10%
and 20% WPA. The reduced CS observed with 40% WPA replacement, as compared to 30% WPA, can be attributed to
an increased quantity of WPA in the geopolymer mixture, leading to a higher concentration of CaO. The elevated CaO
concentration in the mixture may destabilize the Na,O-CaO-SiO-Al,03-H,0 gel and hinder the production of C-A-S-
H, leading to weaker bonds and a slight reduction in strength [86, 87]. Using 50% WPA vyielded CSs of 14.2 MPa, 16.5
MPa, 18.75 MPa, 21.35 MPa, 24.55 MPa, and 29.25 MPa after 2, 5, 7, 14, 21, and 28 days, respectively. In contrast to
the 30% WPA samples, the 50% WPA samples exhibited significant CS losses, varying from 17.3% to 27.55% over
similar time periods. Additionally, the complete substitution of WPA resulted in a considerable reduction in CS, yielding
values of 10.6 MPa, 12.05 MPa, 13.85 MPa, 15.53 MPa, 18.32 MPa, and 20.22 MPa at 2, 5, 7, 14, 21, and 28 days,
respectively. The reductions were 28%, 35.94%, 40.76%, 37.43%, 34.80%, and 36%, respectively, in comparison to the
control samples. The elevated concentration of WPA in the geopolymer mixture, which hinders the development of
essential hydrates while introducing excess CaO, is responsible for the significant reduction in CS with 100% WPA
substitution. The additional CaO accelerates the deterioration of the aluminosilicate structure, leading to a
comprehensive decline in CS. The lower strength values seen in the test samples compared to the control show that the
bond between the geopolymer combination's parts is getting weaker. The replacement of MK with 100% WPA may
improve the generation of C-S-H gels in the geopolymer system due to the higher Ca?* content, which has a lower
strength than C, N-A-S-H gels, resulting in a decline in CS [88-90].

The results demonstrate that replacing MK with 30% activated WPA yields the maximum CS for GPC. This
improvement is mainly due to the optimal balance of pozzolanic activity and binder properties that WPA provides at
this specific ratio. At a 30% replacement level, significant chemical reactions occur, resulting in the synthesis of essential
gel components, including C-A-S-H and N-A-S-H. These gels are crucial for enhancing the GPC's microstructure,
resulting in increased density and reduced porosity, which are critical for strengthening the material's load-bearing
capability.
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3.4. Effect of Partial River Sand Replacement with HDPE Granules on the CS of the GPC

This section examines the impact of replacing river sand with HDPE granules on CS. The experimental findings for
the CS data are presented in Figure 8. The study indicates that incorporating 1% HDPE into a mixture containing 30%
WPA and 70% MK influences CS. Thus, substituting river sand with 1% HDPE results in a slight rise in CS. The CS
values at 2, 5, 7, 14, 21, and 28 days were 17.6 MPa, 21.1 MPa, 26.25 MPa, 29.8 MPa, 33.4 MPa, and 35.63 MPa,
respectively. The percentage improvements in CS for samples containing 1% HDPE were as follows: 2 days (2.3%), 5
days (1.5%), 7 days (1.4%), 14 days (1.7%), 21 days (1.2%), and 28 days (0.7%) compared to samples without HDPE.
The results demonstrate that using 1% HDPE as a replacement for river sand enhances CS over time. Tamil Selvi et al.
[45] discovered that substituting 1% HDPE for coarse aggregate in concrete enhanced the 28-day CS by 3.19%.
Moreover, the incorporation of 2% HDPE yielded a 28-day CS of 36.12 MPa, indicating a 2.1% enhancement compared
to samples without HDPE at the same age. This indicates that 2% HDPE yields a greater enhancement in CS compared
to 1% HDPE. The CSs at 2, 5, 7, 14, 21, and 28 days were 18 MPa, 22.3 MPa, 26.25 MPa, 30.1 MPa, 33.8 MPa, and
36.12 MPa, respectively. Moreover, the findings indicate that 3% HDPE enhances CS more effectively than 1% and 2%
HDPE. The CSs at 2, 5, 7, 14, 21, and 28 days were 18.2 MPa, 22.7 MPa, 26.8 MPa, 30.51 MPa, 34 MPa, and 36.54
MPa, respectively. The enhancement percentages for samples containing 3% HDPE compared to those without HDPE
were: 2 days (5.8%), 5 days (4.22%), 7 days (3.55%), 14 days (4.1%), 21 days (3%), and 28 days (3.27%). The results
agree with the studies conducted by Tamil Selvi et al. [45], indicating that a 3% substitution of HDPE enhances the CS
of concrete. This agreement verifies that the inclusion of up to 3% HDPE enhances the CS of GPC.

The capacity to maintain load application, which promotes the transformation of shear stress into tensile stress, is
responsible for this enhancement and the inclusion of plastic ultimately reinforces the concrete [75, 91]. The inclusion
of 4% HDPE diminishes CS relative to 3% HDPE. At 2, 5, 7, 14, 21, and 28 days, the CS measured 17.65 MPa, 21.7
MPa, 26.1 MPa, 29.9 MPa, 33.5 MPa, and 35.75 MPa, respectively. Furthermore, the incorporation of 5% HDPE
significantly reduced the CS compared to the addition of 3% HDPE. The CSs at various ages (2, 5, 7, 14, 21, and 28
days) were 16.75 MPa, 20.65 MPa, 25.3 MPa, 29.1 MPa, 32.15 MPa, and 34.92 MPa, respectively. A comparison of
samples with 5% and 3% HDPE demonstrated CS losses of 7.96, 9, 3.73, 4.6, 5.44%, and 4.43% at 2, 5, 7, 14, 21, and
28 days, respectively. The reduction in CS with high HDPE substitution is attributable to the enhanced smoothness of
the HDPE particles, which diminishes the adhesive strength between the geopolymer matrix and the HDPE particles.
The findings of Dawood et al. [75] and Rahim et al. [91] confirm this result. Additionally, Shanmugapriya & Santhi
[92] and Kangavar et al. [93] have demonstrated that adding more HDPE and PET to concrete lowers its unit weight,
which in turn lowers its CS. A 3% HDPE replacement exhibits a notable improvement in CS. The elongation and stress
conversion characteristics of HDPE significantly improve the strength of GPC, making it a suitable material for
sustainable construction.
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Figure 8. Effect of HDPE as a replacement of river sand on the CS of the GPC
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The large-scale production and utilization of GPC includes WPA and HDPE for industrial and commercial purposes
is feasible; however, several challenges must be overcome for successful commercialization. A primary obstacle is the
absence of standardization and regulatory acceptance, as existing building codes mainly focus on conventional PC-based
materials. To address this matter, it is essential that regulatory agencies, industry stakeholders, and researchers
collaborate to develop standards specifically for geopolymer technology. Furthermore, the variability in raw material
characteristics, especially WPA, highlights the need for consistent sourcing and processing methods to achieve reliable
performance. Educational efforts and demonstration programs can significantly improve public perception as well as
understanding of the environmental advantages of GPC. Although the initial costs of sourcing and processing WPA and
HDPE might be higher, focusing on the long-term sustainability benefits and potential reductions in maintenance costs
can help mitigate this concern. Addressing these challenges can significantly increase the commercial potential of GPC
with WPA and HDPE across various applications.

3.5. STS of Control and Treated GPC

The study investigated the effect of treated GPC on STS. Figure 9 shows the STS results for both the control and
treated samples. The findings indicate that combining 30%WPA and 3% HDPE has a similar effect on the CS and STS
of GPC. The examination of treated GPC on STS indicates substantial improvements due to the synergistic integration
of WPA and HDPE. The results show that the STS values for control samples were 2.52 MPa after 7 days and 3.35 MPa
after 28 days. On the other hand, the STS values for treated samples were 2.85 MPa and 3.83 MPa, which are 13.1%
and 14.32% higher, respectively. Both WPA and HDPE particles provide increased ductility, which primarily
contributes to the significant improvement in STS. Adding WPA to the GPC matrix improves the pozzolanic reactions
and creates a more refined microstructure with better bonding and fewer voids, which leads to better load distribution
[91 ,92]. Furthermore, the function of HDPE is crucial, as it mitigates slippage during loading conditions, effectively
gathering fractures and enhancing energy absorption [75]. This dual-action process enhances the resilience of GPC
structures, enabling them to withstand tensile pressures and consequently enhancing overall structural integrity. The
enhancement of STS is essential for the performance and durability of GPC, particularly under bending and tensile
stresses, as it improves the material's resilience to cracking and deformation [75, 92]. The relationship between STS and
the material's stress resistance highlights the necessity of optimizing GPC formulations for advanced building
applications. The synergistic effects of WPA and HDPE enhance STS and promote sustainable practices in polymer
concrete manufacturing through the efficient use of waste materials.
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Figure 9. Effect of the treated GPC on the STS

3.6. FS of Control and Treated GPC

FS, a critical characteristic of GPC, evaluates its resistance to bending or tensile stresses. This is particularly crucial
for building elements such as beams and slabs that are subject to bending pressures. Enhancing the FS of GPC
significantly enhances its capacity for resisting cracking and deformation, hence improving its durability and structural
integrity. Figure 10 presents the FS results of GPC, comparing control and treated samples. The combination of 30%
WPA and 3% HDPE significantly influences the FS of GPC, similar to its effects on CS and STS. Control samples have
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an FS of 3.38 MPa at 7 days and 4.53 MPa at 28 days, while treated samples demonstrate an improved FS of 3.88 MPa
at 7 days and 5.10 MPa at 28 days. This signifies improvements of 14.8% and 12.6% over control samples, respectively.
Kangavar et al. [93] confirmed the crack-gathering behavior of HDPE particles in their study of PET granules, which
explains the observed rise in FS in treated samples. Under applied loads, HDPE particles efficiently aggregate and
consolidate fractures in GPC, leading to enhanced performance. Tamil Selvi et al. [45] discovered that the incorporation
of 3% HDPE granules into concrete enhanced FS by 8%, hence supporting the evidence for the efficacy of HDPE.
Moreover, the incorporation of WPA imitates its effect on CS, which improves FS. Furthermore, the contribution of
WPA is of equivalent importance. WPA induces a pozzolanic reaction that yields C-S-H, C-A-S-H, and N-A-S-H gels,
thereby improving the bonding and load-bearing capacity of the GPC. This synergistic gel formation enhances the
mechanical qualities and increases the durability of the GPC by decreasing porosity and increasing density. The
interaction between WPA and MK results in the formation of these gels, which enhance the FS of GPC [69, 94, 95].
This attribute is especially important in applications exposed to bending loads. The combined effect of HDPE and WPA
enhances FS, thereby diminishing cracks and increasing load-bearing capacity in GPC.
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Figure 10. Effect of the treated GPC on the Ultimate FS

3.7. UPV of Control and Treated GPC

The non-destructive UPV testing method was used to assess the strength of GPC in this study, as shown in Figure
11. Initial UPV tests at 7 days revealed that the control sample demonstrated a velocity of 2.71 km/s; however, the
treated sample, which included 30%WPA and 3% HDPE, attained a superior velocity of 3.2 km/s, indicating a 18%
enhancement. At 28 days, both samples exhibited additional improvements, with UPV values of 3.82 km/s for the control
and 4.36 km/s for the treated sample, yielding a 14.12% variance. The UPV results exhibited a significant association
with CS test outcomes, highlighting the success of UPV in tracking the strength development of GPC over time. The
considerable enhancements in UPV and CS from 7-28 days indicate a continuous strengthening of GPC during the
curing process. Adding WPA and HDPE to the treated samples had a big effect on the microstructure of the GPC,
making it denser and less porous. This could have made it better at transmitting ultrasonic waves, which led to higher
UPV values. Additionally, UPV tests evaluated the quality of GPC in accordance with the BSI B.203: Part 203 [96]
standards, providing an accurate basis for determining concrete quality. During the 28-day period, the UPV test classified
both the control and treated samples as "good" quality (G), highlighting their satisfactory strength properties and further
validating the UPV test's reliability and precision as an evaluative tool for GPC structures. The non-destructive
characteristics of the UPV test provide the assessment of GPC's internal properties and overall structural integrity
without damaging the samples, making it an economically feasible choice for regular quality control. Furthermore, UPV
testing may reveal crucial details about voids, cracks, and delamination, all of which significantly impact the material's
durability and long-term effectiveness. Early identification of such weaknesses facilitates prompt adjustments to
improve the durability and dependability of GPC structures. The findings confirm that the UPV test is a reliable and
efficient non-destructive technique for evaluating the strength characteristics and overall quality of GPC, especially
when enhanced by the inclusion of WPA and HDPE, with considerable implications for enhancing the performance and
sustainability of GPC in practical applications.
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Figure 11. UPV test results of GPC

3.8. Effect of Water Absorption by Curing Ages on of the Control and Treated GPC

The influence of curing age on GPC water absorption is visualized in Figure 12. The findings of the study on
water absorption in GPC mixtures demonstrate a correlation with CS. For curing durations of 2, 5, 7, 14, 21, and 28
days, respectively, the control mix achieved water absorption rates of 7.72%, 6.65%, 5.55%, 4.95%, 4.62%, and
4.15%. The treated geopolymer mix, on the other hand, exhibited significantly lower water absorption, with values
of 7.15%, 6.12%, 4.95%, 4.42%, 4.05%, and 3.65% over the same curing durations while also achieving superior
CS. The different amounts of water absorbed by the two mixtures can be explained by the void content. More voids
mean more water absorbed, while the treated geopolymer mix absorbed less water, which suggests a more compact
internal structure. The efficacy of geopolymerization in creating a strong matrix with reduced voids is essential, as
demonstrated by Albidah et al. [97], which highlights that a properly executed geopolymerization procedure results
in a more uniform and cohesive structure. The addition of WPA promotes the development of C-A-S-H gel, resulting
in a denser microstructure and pore-filling capacity and thereby decreasing both the water absorption and porosity
of GPC [98].

Geopolymerization is the chemical transformation of aluminosilicate minerals into an inorganic, three-dimensional
network. Geopolymerization involves the dissolution of calcium-aluminosilicate materials, including MK and WPA, in
an alkaline environment, leading to the creation of polymeric geopolymer chains that provide structural stability. An
effective geopolymerization method improves the density of the resulting matrix, reduces voids, and promotes CS.
Efficient geopolymerization achieves a compact microstructure that significantly reduces water absorption, particularly
beneficial for applications that require water resistance. Moreover, reduced water absorption enhances the durability of
GPC by minimizing the hazards associated with freeze-thaw cycles, chemical attacks, and moisture-related deterioration.
This decrease in water absorption maintains the structural integrity and durability of GPC throughout time. Better
geopolymerization creates a denser matrix that makes the GPC stronger and more resistant to cracks. This enhances the
structure's overall performance by enabling it to withstand higher external pressures. The use of WPA and HDPE in the
geopolymer mixture enhances durability and strength by optimizing the internal structure. Figure 13 shows the
relationship between average CS and average water absorption in GPC cubes; the R? (coefficient of determination) value
for the control is 0.969, while the treated value is 0.9713. Notably, the treated GPC shows a more linear relationship
between CS and water absorption than the control.

3.9. Stress-Strain Behavior and Mods of Failure of the Control and Treated GPC Cylinders

The impact of WPA and HDPE granules on the crack behavior of GPC under compressive loading can be assessed
by analyzing the failure patterns in relation to the material's stiffness and compressive characteristics. Table 5-a displays
the standard stress-strain curves and failure mechanisms observed in control GPC cylinders following a 28-day curing
period. Table 5-a details the principal parameters that define the stress-strain response of the 28-day control GPC
cylinder. These parameters include the elastic modulus (E), peak CS (op), compressive strain at peak stress (gp), ultimate
compressive strength (ou), and compressive strain at ultimate failure (eu), recorded as 22,150 MPa, 23.22 MPa,
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0.002712 mm, 14.224 MPa, and 0.004823 mm, respectively. The ultimate CS was determined to be 38.74% lower than
the peak value. Following the compressive failure, the control GPC cylinder displayed vertically oriented cracks. The
integration of WPA and HDPE into the GPC mix could prevent cracking under compression, as evidenced by tests
performed by Xie et al. [79]. These compounds enhance the endurance and structural integrity of GPC; hence, they
diminish crack formation.
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Table 5. Typical stress-strain curves and modes of failure of 28-days curing age of (a) control GPC cylinder, and (b) treated
GPC cylinder
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Table 5-b displays the characteristic stress-strain curves and modes of failure of GPC cylinders subjected to 30%WPA
and 3%HDPE after 28 days of curing. The stress-strain analysis of the treated GPC cylinder at this curing age revealed
an E of 24,030 MPa, op of 26.84 MPa, ep of 0.00233 mm, cu of 18.325 MPa, and eu of 0.005122 mm, as presented in
Table 5-b. The E and op of the treated GPC cylinders were significantly superior to those of the control cylinders,
signifying improved mechanical performance. The ultimate CS was determined to be 31.73% lower than the peak
strength. The treated GPC samples exhibited a lower drop in compressive strength at the equivalent curing age,
indicating superior volume stability under compressive stress relative to the controls. The incorporation of WPA and
HDPE may have facilitated this enhancement by providing fillers and thus lowering porosity and water absorption. Upon
failure, the treated GPC cylinder showed a partially vertical crack, while the control sample displayed a more significant
vertical crack, highlighting the enhanced resistance of the treated GPC to cracking under compressive pressure. The
variations in the expansion of cracks can be attributed to the microstructural modifications caused by substituting MK
with WPA. This substitution facilitates the development of hydration products, including C-A-S-H and N-A-S-H gel
matrices, which enhance the internal structure. The creation of a dense gel improves bonding within the GPC matrix and
markedly diminishes the possibility of fracture development, as indicated by Xu et al. [99], which noticed comparable
enhancements with the incorporation of nano silicate in fly ash-based GPC. The denser gel matrices formed through
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geopolymerization serve as barriers, effectively preventing the formation and development of interior fractures. The
inclusion of HDPE granules enhances this impact by demonstrating crack-bridging behavior, which confines and inhibits
crack expansion [91]. The synergistic action of WPA and HDPE results in a more robust microstructure that minimizes
crack development and propagation, improving the durability and structural integrity of the GPC.

Table 5 indicates that the treated GPC displays steeper curves compared to the control group. Increasing the slope of
a stress-strain curve is associated with a higher modulus of elasticity (MOE), which enhances the ductility of GPC [100].
Consequently, the treated GPC is anticipated to exhibit strong ductility and resistance to significant damage under
conditions of accidental overloading. The area under the stress-strain curve during compression indicates the toughness
and energy absorption capacity of the GPC [101-103]. Table 5-b demonstrates that the treated GPC exhibits a greater
area under the stress-strain curve compared to the control GPC. Treated GPC exhibits enhanced toughness and energy
absorption capacity. Treated GPC exhibits enhanced impact resistance and structural integrity. The stress-strain curve
patterns of both mixtures were comparable to those identified by Chitrala et al. [102], Xie et al. [79], and Yadollahi and
Benli [104].

3.10. Microstructure and Morphological.
3.10.1. SEM Analysis of Control and Treated GPC

The microstructural properties of control samples comprising only MK and samples incorporating 30% WPA, and
3% HDPE were analyzed using SEM, as depicted in Figure 14. The micrographs illustrate the morphology and density
of the microstructure in both material types. Figure 14-a illustrates the microstructure of the control mixture, which is
characterized by numerous voids and a relatively low density. The existence of these spaces indicates that the particles
exhibit reduced compactness and a diminished degree of interaction. The absence of WPA in the control mixture may
have hindered the formation of the C-A-S-H gel. C-A-S-H gel enhances the microstructural density in geopolymer
materials. Figure 14-b illustrates the microstructure of the treated sample. This image demonstrates a significant
reduction in pore quantity and a more compact microstructure relative to the control mixture. The incorporation of WPA
increases the calcium oxide concentration in the mixture, thereby facilitating the formation of the C-A-S-H gel. This gel
fills voids and enhances particle bonding, resulting in a dense microstructure. The microstructures of both samples
exhibit homogeneity, suggesting an even distribution of the geopolymer matrix within the specimen. Homogeneity is
essential for achieving optimal mechanical properties and performance in GPC. According to Ju et al. [105] and Yuan
et al. [106], introducing calcium oxide to GPC creates a denser microstructure, and the unhydrated particles were not
detected in samples containing calcium hydroxide.

Figure 14. The microstructure of (a) control GPC sample, (b) treated GPC sample

Na,SiO3 and Ca(OH), play essential roles in various reactions during the alkaline activation of MK GPC. Na;SiOs,
also known as water glass, dissolves in MK, releasing silicate species that interact with aluminum in MK to form an
amorphous aluminosilicate gel. This gel serves as the primary binding phase in the gel, offering both strength and
stability. When Ca(OH), is mixed with Na,SiOs solution, more C-S-H gel is made. This makes the GPC stronger,
durable, and have a denser microstructure. According to the results, the reactions turn MK into a solid, compact
substance. This shows how Na;SiOz and Ca(OH), work together to make MK-based systems geopolymerization. Yang
et al. [47] demonstrated through SEM analysis that combining Ca(OH).-based GGBS with Na,SiOs resulted in a denser
product. The formation of C-S-H gels and smaller hydration products, including C2ASHs and C4AH13, occurs rapidly,
signifying the development of hydration products. The integration of C-S-H and C-A-S-H enhances the efficacy of
treated GPC. C-S-H serves as the primary binding phase, enhancing strength and durability while reducing porosity and
thereby improving resistance to environmental impacts and cracking. The fibrous structure enhances load-bearing
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capacity, facilitating quicker construction through accelerated early strength development. C-A-S-H functions as an
additional binding phase, enhancing mechanical properties. The globular shape facilitates the uniform dispersion of
binding phases, thereby enhancing the stability and chemical resistance of GPC. The combination of these hydrates
produces a synergistic effect, enhancing the strength and durability of treated GPC across various building applications
[107].

3.10.2. EDX Analysis of Control and Treated GPC

Figure 15 presents the EDX analysis results for both control and treated GPC samples following a 28-day curing
period, indicating notable findings. The principal components of GPC are silicon (Si), calcium (Ca), aluminum (Al),
and oxygen (O), with their concentrations detailed in Table 6. These components are crucial for the formation of C-S-
H, C-A-S-H, and N-A-S-H gels, which serve as the principal binding phases in GPC. Zhang et al. [108] indicated that
these four elements exhibited significant peaks in EDX spectra for concrete containing surface-treated fly ash
cenospheres used as internal curing agents. Table 6 indicates that the treated samples exhibited significantly elevated
amounts of calcium, silicon, and aluminum, which are crucial for strengthening the production of C-A-S-H gels,
essential to improving the mechanical properties of GPC. The treated samples exhibited a combined content of silicon,
calcium, aluminum, and oxygen at 84.78%, in contrast to 81.24% in the control samples. The incorporation of WPA
facilitates the formation of C-A-S-H gels, as evidenced by the increased element content and improved microstructure
of the treated GPC (Figurel4-b). These gels diminish porosity and improve the cohesiveness of the treated GPC,
resulting in enhanced structural integrity and strength [109, 110].

I spoT 1

(b)
Figure 15. EDX test result of (a) control sample, (b) treated sample

Table 6. Element weights based on the EDX graphical plot of (a) control and (b) treated GPC sample at 28-day

Weight % Weight %

Element a b
Oxide (O) 43.49 46.97
Calcium (Ca) 12.02 17.12
Carbon (C) 15.89 12.53
Aluminum (Al) 11.59 9.66
Silicon (Si) 14.14 11.03
Sodium (Na) 2.17 2.08
Potassium (K) 0.23 NA
Titanium (Ti) 0.47 0.35
Phosphorus (P) NA 0.26
Total 100.00 100
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This study is compatible with the observed mechanical parameters of the GPC mixture. It indicates that higher
concentrations of calcium, silicon, and aluminum in treated samples cause the formation of C-A-S-H gel, resulting
in improved mechanical performance. The higher calcium concentration in WPA samples is particularly important.
Calcium is considered to assist in the formation of additional C-A-S-H gel, hence improving the CS and durability
of GPC. The inclusion of WPA, which contains a high calcium concentration, offers a viable method for increasing
the mechanical properties of the geopolymer combination. Furthermore, silicon and aluminum in both the control
and treated samples are required for the formation of geopolymer gels. These gels act as binding agents, holding the
GPC together. However, combining silicon, aluminum, and calcium in treated samples promotes the formation of a
more compact and stable gel structure. It is essential to recognize that the mechanical properties of GPC are greatly
influenced by the composition of its fundamental components. Increased amounts of calcium, silicon, and aluminum
in treated samples enhance the formation of a long-lasting and resistant C-A-S-H gel. This improves the mechanical
properties of GPC. The identification of these four elements underscores their critical role in the geopolymerization
process.

This highlights the relationship between the elemental composition and the mechanical properties of the mixture.
The GPC samples demonstrate the required chemical signatures for effective geopolymerization and mechanical
performance, underscoring their suitability for the intended application. The elevated proportion of these elements, along
with the uniform and dense microstructures illustrated in Figure 14, suggests the effectiveness of Ca(OH), , MK, and
WPA in facilitating the formation of C-S-H and C-A-S-H gels. This process reduces porosity and enhances the strength
of the GPC [108]. Furthermore, the similarity of the EDX analysis to the stated mechanical properties indicates the
efficacy of the analytical method used in this study. The EDX analysis is an effective tool for assessing the elemental
composition of GPC.

3.10.3. XRD Analysis of Control and Treated GPC

After 28 days, the phase composition of GPC specimens containing MK and WPA was determined using XRD.
Figure 16 depicts XRD patterns with distinct features in the 20 range of 25° to 30°, including a significant hump. Quartz,
tobermorite, calcite, dicalcium silicate, albite, anorthite, and minor peaks of hatrurite and ettringite were discovered.
Further analysis revealed that the control sample had higher peaks for quartz, tobermorite, and dicalcium silicate. In
contrast, the sample containing WPA showed greater peaks for anorthite, hatrurite, calcite, and albite. This means that
the addition of WPA altered the phase composition of the GPC. The presence of quartz indicates that the reaction
between MK's SiO4 units and the alkaline activator created SiO,. This process improves the strength and durability of
the GPC. Tobermorite is generated by the reaction of MK and the alkaline activator, adding stability to the concrete
structure.

Counts

Sample D
Lime 0.0 %
Quartz low 48.2 %
Anorthite 8.1 %
Corundum 0.0 %
Cristobalite low 0.0 ¢
Hatrurite 2.1 %
Dicalcium Silicate Hyfirate - Alpha 1.0 %
Portlandite 0.0 %
6000 Albite 5.1 %
Tobermorite 9A 19.1
Calcium Hydroxide 0}5 %
Dicalcium Silicate 6.8 %
Calcite 7.1 %
Ettringite 1.9 %

8000

S

4000 —

2000 -

Position [°2Theta] (Copper (Cu))

@
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Counts

Sample E
8000 Lime 0.0 %
Quartz low 36.5 %
Anorthite 13.6 %
Corundum 0.7 %
Cristobalite low 0.0 9
Hatrurite 1.8 %
Dicalcium Silicate Hyfirate - Alpha 0.0 %
Portlandite 0.0 %
Albite 8.9 %
Tobermorite 9A 14.5
Calcium Hydroxide 0J0 %
Dicalcium Silicate 4.0%
Calcite 18.6 %
4000 - Ettringite 1.4 %

6000

S

2000 —

Position [°2Theta] (Copper (Cu))
(b)
Figure 16. XRD test result of (a) control sample, (b) treated sample

The presence of dicalcium silicate indicates that there is unreacted cementitious material in the geopolymer matrix.
This could be due to the incomplete dissolution and reactivity of the precursor components during the geopolymerization
process. The greater amount of anorthite peaks in the sample, which included WPA, indicates that the presence of this
additional substance promotes the formation of this reaction phase. Anorthite is a calcium-aluminosilicate phase that
enhances the mechanical qualities of GPC. Similarly, the greater peaks of hatrurite and calcite in the WPA sample show
that the inclusion of this additional material influences these phases as well. Hatrurite is a calcium silicate phase, while
calcite is a calcium carbonate phase. Both phases assist in improving the GPC's overall performance and durability. The
control and WPA samples both included albite, a sodium feldspar. The peak intensity was higher in the second,
indicating that this reaction phase was more common in the geopolymer matrix. The tiny peaks of ettringite indicate the
presence of this reaction phase, which improves the GPC's long-term strength and endurance. Ettringite is formed when

alumina and sulphate react in a geopolymer matrix.

4. Conclusions

o Incorporating 30% WPA increases the slump compared to the control group. WPA's lower fineness modulus than

MK, which leads to less water demand and improved workability of GPC, could be the cause of this increase.
Furthermore, combining 3% HDPE and 30% WPA reduced the slump in comparison to 30% WPA mix. The
roughness of HDPE particles and their large surface area could cause higher friction between HDPE particles and
geopolymer matrices, leading to a loss of workability.

The use of MK in GPC contributes to its rapid initial and final setting periods. This is mostly due to the high
fineness of MK, which shortens the dormant time and accelerates the geopolymerization process, resulting in rapid
hardening. As a highly reactive substance, MK aids in the early stages of geopolymerization, leading to faster
strength growth and GPC setting. The increased surface area of small particles in MK creates more sites for the
geopolymerization reaction to occur, resulting in faster hydration and binding of the ingredients in the GPC mix.
Therefore, GPC based on MK has shorter setting durations and greater early strength development, making it
useful for construction applications that require rapid setting and early strength. The addition of 30% WPA
improves setting times. The quick solidification of WPA in the GPC mix is responsible for this significant
performance improvement. The presence of CaO in WPA is higher than in MK, which is the main reason for this
improvement.

The mechanical properties of the control and treated GPC, such as CS, STS, FS, water absorption, and UPV, show
a constant improvement with curing age. This indicates that the GPC becomes more resilient as the curing process
progresses. Furthermore, the results indicate that using calcium hydroxide as an activator in the MK-based
geopolymer improves its properties. The presence of calcium hydroxide enhances the geopolymerization process,
resulting in better bonding and strength development in the GPC. The CS data reveal that incorporating 30% WPA
shows the best results, whereas replacing 100% WPA results in a higher decrease in CS. The replacement of 30%
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of MK with activated WPA optimizes the CS of GPC due to the ideal balance of pozzolanic activity and binder
properties. At this level of replacement, the formation of C-A-S-H and N-A-S-H gels greatly improves the
microstructure by making it denser and less porous, both of which are necessary for strength under load.
Additionally, incorporating 3% HDPE with 30% WPA further boosts CS by improving stress distribution and
material flexibility, demonstrating the potential of this GPC mix for sustainable construction applications.

SEM, EDX, and XRD analysis of treated GPC specimens revealed a significant improvement in pore structure
compared to the control group. Furthermore, the treated samples had higher levels of calcium (Ca), silicon (Si),
oxygen (O), and aluminum (Al), as well as improved microstructural features. The presence of cementation
materials revealed that the treated GPC exhibited more pozzolanic reactions than the control specimens.

Aside from optimizing the mechanical performance of GPC with different proportions of HDPE and WPA, it is
recommendable for future research to focus on investigating its long-term durability under various environmental
conditions, such as freeze-thaw cycles and exposure to aggressive chemicals. Given HDPE's non-absorptive nature
and low density, its influence on pore structure and permeability may affect the material's resistance to these
factors. Evaluating these durability aspects will be crucial for a comprehensive understanding of GPC's
performance with HDPE, thereby supporting its practical application in diverse environmental conditions.

5. List of Abbreviations
GPC Geopolymer concrete SEM Scanning electron microscopy
WPA Wastepaper ash EDX Energy dispersive X-ray
MK Metakaolin XRD X-ray diffraction
HDPE High-Density Polyethylene PC Portland cement
CS Compressive strength GGBS Ground granulated blast slag
STS Splitting tensile strength C-S-H Calcium-silicate hydrate
FS Flexural strength C-A-S-H Calcium-aluminosilicate hydrate
UPV Ultrasonic pulse velocity N-A-S-H Sodium-aluminosilicate hydrate
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