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ABSTRACT:

Geopolymer concrete, hailed for its sustainability compared to traditional Portland cement-based concrete, boasts a reduced carbon footprint and superior
mechanical characteristics. This research delves into the strength attributes of one-part geopolymer concrete mortar mixed with petroleum sludge to specifically
check its compressive, tensile, and flexural strengths. The experimental agenda entails formulating a one-part geopolymer concrete mortar utilizing fly ash as the
principal binder, alongside alkaline activators. Diverse mix designs are crafted, manipulating factors like the fly ash to alkaline activator ratio, curing
temperature, and duration. Compressive strength tests adhere to ASTM standards, while appropriate methodologies gauge tensile and flexural strengths. The
impact of varied curing protocols on strength property evolution is scrutinized to refine mix designs for practical use. Findings underscore the viability of
producing robust geopolymer concrete mortar with a simplified one-part formulation, heralding promising avenues for sustainable construction methodologies.

Introduction

Currently, the global pursuit of sustainable development is prompting the exploration of alternatives in construction materials. Geopolymer concrete
emerges as a promising substitute capable of substantially reducing carbon dioxide emissions. Its production yields environmentally friendly concrete,
offering a viable alternative to traditional OPC concrete. Traditional geopolymer mixes, requiring high-temperature curing, have been limited to precast
structural elements. Previous research predominantly focused on heat-cured concretes using aggressive chemical activation processes, such as
concentrated sodium hydroxide and sodium silicate. Consequently, there's a demand for novel geopolymer binders. The introduction of one-part
geopolymer binders, employing a simple “just add water" method akin to ordinary Portland cement, presents an innovative solution. This study seeks to
develop an ambient-cured one-part geopolymer binder suitable for in-situ casting at room temperature, addressing challenges associated with handling
large quantities of alkaline solutions and elevated temperature curing. Preliminary results indicate that a fly ash blended slag one-part geopolymer
demonstrates promising workability, density, and compressive strength. Incorporating slag with fly ash enhances compressive strength comparably to
two-part geopolymer systems. Therefore, one-part geopolymer binders have the potential to enhance the commercial viability and widespread adoption
of geopolymer concrete within the construction industry.

Currently, advancements in science and technology persist in enhancing global infrastructure. Innovations in the construction sector continually strive
to identify low-carbon products for safer, more economical, and environmentally sustainable infrastructure designs. The demand for concrete is
escalating with the rise in shelter and economic activities, fueled by globalization and industrialization, which heavily rely on concrete-based
infrastructures. Ordinary Portland Cement (OPC) serves as a primary binder in conventional concrete production, but its production involves significant
carbon dioxide emissions, exacerbating environmental concerns. To mitigate these emissions and address the growing demand for concrete, there is a
pressing need to explore alternative materials with lower CO2 footprints.

Geopolymer concrete presents itself as a promising solution. Unlike OPC-based concrete, geopolymer concrete production doesn't require OPC;
instead, the binder is synthesized through the reaction of aluminosilicate materials with alkaline liquids. This geopolymer cement gel binds aggregates
and unreacted materials, resulting in geopolymer concrete. Additional cementitious materials such as fly ash and slag are commonly used in
geopolymer concrete, offering further environmental benefits.

The development of geopolymer binders as substitutes for OPC represents a significant advancement in concrete technology. Geopolymer is an
inorganic alumino-silicate polymer synthesized from materials like fly ash, Metakaolin, or GGBS, through a polymerization mechanism involving
alkaline solutions and aluminosilicate sources. Geopolymer constituents typically include fly ash and alkaline solutions, with sodium hydroxide and
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sodium silicate being common choices due to their cost-effectiveness. Various terms such as alkali-activated cement, inorganic polymer concrete, and
geo-cement have been used interchangeably to describe materials synthesized using similar chemistry to geopolymer concrete. These innovations hold
promise for reducing the environmental impact of concrete production while offering cost-effective alternatives to traditional OPC-based concrete.

ASTM C618-08a [1] identifies two types of fly ash: Class F and Class C, distinguished primarily by their calcium, silica, alumina, and iron content.
Class F fly ash generally has a calcium content ranging from 1 to 12%, including calcium hydroxide, calcium sulfate, and glassy compounds mixed
with silica and alumina. In contrast, Class C fly ash can contain up to 30% calcium oxide. The alkali activation process of fly ash involves an
exothermic reaction that breaks down the fly ash structure, specifically disrupting the Si—-O-Si and Al-O-Al covalent bonds in the activating solution.
This reaction releases a significant amount of heat, leading to the formation of a solid, cement-like material with high mechanical strength [2].
According to [3], 63 million tons of fly ash were produced, but only 39% was repurposed beneficially, with a large portion ending up in landfills.
Utilizing fly ash as a substitute for Portland cement in certain concrete applications could greatly benefit the global environment and promote
sustainable infrastructure development.

The characteristics of fly ash-based geopolymer concrete have been highlighted in studies [4,-11]. These studies indicate that geopolymer concrete is a
promising construction material, offering high compressive strength, minimal drying shrinkage, low creep, excellent sulfate resistance, and good acid
resistance. Experimental findings show that geopolymer concrete structural elements like beams and columns perform similarly under stress to those
made of OPC concrete. Other recent research [7, 12] supports these findings, noting that geopolymer concrete possesses engineering properties suitable
for various construction applications. One ton of fly ash can produce about 2.5 cubic meters of high-quality geopolymer concrete, and the chemical
costs involved are lower than the cost of one ton of Portland cement. However, a unique challenge with geopolymer concrete is its low strength
development at ambient temperatures.

One-part geopolymer binders, also known as hybrid alkaline cements, represent a recent advancement in geopolymer production aimed at simplifying
the process of using silicate solution-activated geopolymers. This method involves mixing aluminosilicate source materials with solid activators [13].
Unlike traditional geopolymer binders that use silicate solutions as activators, one-part mixtures incorporate solid activators into a dry mix, initiating
the reaction when water is added, much like ordinary Portland cement. This approach avoids the use of corrosive and viscous solutions, facilitating the
mass production of geopolymer concrete and enhancing its commercial viability, earning the nickname "just add water."

Efforts have been made to activate aluminosilicate materials with alkalis at elevated temperatures to create one-part mix binders. For instance, [14]
developed systems by calcining kaolinite or halloysite with powdered hydroxides. Their specimens showed a strength of 1 MPa after 7 days, which was
lower than typical two-part systems. Conversely, mechanical testing of hydrothermally treated samples revealed that these materials undergo significant
structural and mineralogical changes, resulting in remarkable improvements in mechanical properties under hydrothermal conditions. A single day of
hydrothermal treatment at 100 °C significantly enhanced mechanical strength from 1 MPa to 4 MPa.

Fly ash geopolymer develops strength slowly at ambient temperatures [15]. To achieve reasonable strength, curing temperatures of 40-75 °C are
generally required [16], which poses challenges for practical construction. Researchers have explored ways to enhance the strength development of fly
ash geopolymers by incorporating additives like ground granulated blast furnace slag, flue gas desulfurization gypsum, and Portland cement [15, 17,
18]. The reaction between anhydrous sodium metasilicate and water is exothermic at normal temperatures, and the heat generated can improve the
mechanical properties of one-part geopolymer. This research focuses on studying the mechanical properties and microstructure of geopolymer activated
with varying percentages of anhydrous sodium metasilicate granules. This knowledge is expected to aid in the understanding and future application of
high-calcium fly ash one-part geopolymers. One-part geopolymers represent a significant advancement in geopolymer technology, first described in
2007 [14]. These binders are a newly introduced class designed to simplify the complexities of handling silicate solution-activated geopolymers. They
are produced by blending aluminosilicate precursors with solid activators [13, 19].

Efforts have been made to activate aluminosilicates with alkalis at elevated temperatures to create one-part mix binders. [14] developed one-part mix
systems by calcining kaolinite or halloysite with powdered hydroxides, resulting in a strength of 1 MPa after 7 days of curing, which is weaker than
typical two-part mix systems. [20] synthesized one-part “just add water" geopolymer binders through alkali-thermal activation of red mud, rich in
alumina and calcium. Calcining the red mud with sodium hydroxide pellets at 800°C decomposes the original silicate and aluminosilicate phases,
promoting the formation of new compounds with hydraulic properties. They found that hydrating the "one-part geopolymer" produced zeolites and a
disordered binder gel, achieving a compressive strength of 10 MPa after 7 days. Although the compressive strength was relatively low, they reported
that red mud is an effective precursor for one-part geopolymer binders through heat and alkali-activation processes. Similarly. [21] synthesized one-part
geopolymer binder by thermally treating low-quality kaolin with alkalis at 950°C, resulting in a binder with a strength of over 47 MPa.

Additionally, [22] created one-part geopolymer mixes using rice husk ash (RHA) and solid sodium aluminate. They found that water plays a crucial
role in geopolymerization. Higher crystalline formation occurred in samples with high water content, like trends in conventional geopolymer systems.
However, increasing water content generally reduced alkalinity, slowed the reaction process, and resulted in a more porous microstructure, which is
undesirable. Recent heat treatment techniques for making one-part mix binders have achieved strengths comparable to two-part mix systems. However,
the high temperatures required for these methods limit their commercial application and increase their environmental impact.

In recent decades, crude oil extraction has increased rapidly. The transportation and storage of crude oil inevitably results in substantial amounts of PS
waste accumulating in oil storage tanks [2]. Various activities in the oil industry, such as drilling, production, and transportation, generate hazardous
waste [12]. Both upstream and downstream operations in the oil industry produce significant amounts of oily sludge. Upstream activities include
extracting, transporting, and storing crude oil, while downstream activities involve refining crude oil. The produced PS in the oil industry is classified
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as either simple oil or oil waste, depending on the proportion of solid materials and water within the oil residue [15]. PS contains a high volume of solid
residues and is very viscous, whereas simple oil has a lower water content [15]. PS is the most hazardous waste generated in petroleum refineries,
consisting of a semisolid, pasty material made of sand (a mixture of clay, silica, and oxides) contaminated by oil, produced water, and chemicals used
in oil manufacturing [12].

Crude oil, or petroleum, is a naturally occurring flammable liquid composed of a complex mixture of hydrocarbons of various molecular weights and
other organic compounds. It is found in geological formations beneath the earth's surface [23]. Crude oil contains hydrocarbons such as aromatic
hydrocarbons (including phenol, polyaromatic hydrocarbons [PAHSs], benzene, toluene, ethylbenzene, and xylene [BTEX]), alkanes, organic
compounds (such as sulfur, oxygen, and nitrogen), inorganic compounds (including suspended solids, water-soluble metals, and salts), cycloalkanes,
and metals like vanadium, iron, copper, and nickel. The molecular composition varies widely between different formations [24, 25, 26]. The
composition of petroleum sludge (PS) is complex and challenging to manage, involving suspended solids and oil-in-water or water-in-oil emulsions. PS
contains hazardous substances, including polycyclic aromatic hydrocarbons, aromatic hydrocarbons [28], and other toxic, carcinogenic, or mutagenic
compounds. PS is difficult to hydrate due to its high viscosity and typically contains about 55.13% water, 9.246% residues, 1.9173% asphaltenes,
23.19% light hydrocarbons, and 10.514% wax. It also has high concentrations of metals, such as 0.6% iron, 204 ppm vanadium, and 506 ppm nickel,
making it highly destructive to the environment and harmful to organisms, necessitating careful management for ecological protection [29].

The chemical composition of PS varies greatly depending on the source of the crude oil (oil field) and the drilling and refining processes [21, 29]. PS is
characterized by a high hydrocarbon content, ranging from 5% to 86.2%, and typically has a pH value between 6.5 and 7.5 [15]. It is a complex mixture
containing significant amounts of solids, water, oil, hydrocarbons, and various toxic, carcinogenic, or mutagenic compounds. Generally, petroleum
sludge is composed of 40-52% alkanes, 8-10% asphaltenes, 28-31% aromatic hydrocarbons, and 7-22.4% resins [8].

Review of Proximate and Ultimate Analysis of Petroleum Sludge

Table 1 reviews the structural components of petroleum sludge (PS), derived from various researchers' findings. The highest recorded moisture content
of as-received PS was 59.86%, which exceeds the typical maximum range of 30-40% by mass [10]. The maximum percentage of volatile hydrocarbons
(VHC) by weight was 88.50%, although there is significant variation in the values reported. For ash content, three researchers found similar values of
72.49%, 71.68%, and 71.20%. Another study noted a decrease in ash content to 61.19%. Additionally, a considerable range of ash content was
observed, with values of 54.59%, 53.92%, and 51.99%, while the lowest reported ash content was 4.40% by weight. As reported by [8], a nonvolatile
hydrocarbon content of 90.48%, whereas Hu [3] reported 73.10% by mass. The high heating value (HHV) of the PS was found to be 18.69% by weight,
while the low heating value (LHV) was higher, at 43.10% by weight.

Table 1: Review of Proximate Analysis for PS.

S/IN | MC*¥ | VHC | Ash NVHC | FC HHV® | LHV® | Sources
1 26.89 | 1851 | 44.97 | nr 9.6 nr 35.17 [58]
2 26.30 | 31.70 | 31.6 | nr nr nr nr [59]
3 3.23 | 11.36 | 61.19 | nr 27.45 | 9.23 nr [60]
4 3.10 | 8850 - nr 8.40 nr 431 [9]
5 26.55 | 51.19 | 42.27 | nr 217 nr 8.5362 | [61]
6 10.26 | 32.72 | 54.59 | nr 243 nr nr [62]
7 1.62 21.33 | 71.68 | nr 5.37 nr nr [62]
8 34.84 | 48.59 | 9.79 nr 6.78 nr nr [62]
9 6.28 | 60.05 | 20.98 | nr 12.69 | 17.01 | nr [1]
10 1.76 1.12 6.64 90.48 nr nr nr [57]
11 | 16.95 | 28.94 | 51.99 | nr 212 | nr 8.53 [63]
12 | 59.86 | 88.09 | 8.61 | nr 330 | nr 17.73 | [64]
13 6.80 15.70 | 4.40 73.10 nr nr nr [3]
14 | 485 | 2258 | 71.20 | nr 137 | 877 |nr [65]
15 151 21.73 | 7249 | nr 4.27 7.54 nr [2]
16 | 34.84 | 4859 | 9.79 | nr 6.78 | 18.69 | nr [5]
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17 15.31 | 29.63 | 53.92 | nr 1.14 14.02 | nr [7]

ar-as received sample of sludge, d-dried sample, nr- not reported. Moisture Content, Volatile Hydrocarbon, Ash, Nonvolatile Hydrocarbon, and Fixed
Carbon were measured by wt. % while High Heating and Low Heating Value were also measured in (MJ/kg).

From Table 2, the carbon content in PS varies widely, ranging from 16.38 to 23.86 wt.%. Additionally, the carbon content can increase significantly,
reaching between 33.16 and a maximum of 81.20 wt.%. In contrast, the hydrogen content is relatively consistent, with values ranging from 1.29 to
12.80 wt.%. The nitrogen content peaks at 5.97 wt.%, with other values closely clustered between 0.08 and 1.21 wt.%. The oxygen content also shows
a broad range, with the highest value at 34.19 wt.% and the lowest at 2.47 wt.%. Finally, the sulfur content ranges from 0.20 to 3.16 wt.%

Table 0: Review of Ultimate Analysis of PS (wt. %).

SIN | Carbon | Hydrogen | Nitrogen | Oxygen | Sulfur | References
1 16.53 1.29 0.08 12.70 0.60 [60]
2 81.20 9.20 0.40 4.10 0.20 [9]
3 16.38 4.25 0.32 8.91 2.34 [61]
4 23.86 3.07 1.16 15.25 3.16 [62]
5 18.80 2.69 0.28 6.05 0.65 [62]
6 42.45 8.07 121 30.34 142 [62]
7 60.70 12.80 0.80 28.90 1.00 [67]
8 40.81 4.60 5.97 20.32 1.05 [1]
9 20.85 | 2.70 1.40 6.00 0.11 | [63]
10 | 3316 | 718 0.45 nr 0.68 | [64]
11 75.09 5.35 1.58 16.22 1.76 [3]
12 | 1941 2.73 0.33 4.10 0.63 [65]
13 | 18.18 2.73 0.22 8.13 0.64 [65]
14 | 4484 | 858 1.16 34.19 1.63 | [65]
15 | 23.28 3.54 0.19 247 1.29 [66]
16 | 81.84 | 1361 0.75 1.56 224 | [58]

Technology of geopolymer

Hills of limestone are extensively mined for cement production, resulting in about 1.6 billion tons of material extracted annually, which leads to
ecological imbalance, climate change, and adverse human health effects due to greenhouse gas emissions such as SO2, CO2, and dioxin [130].
According to the International Energy Agency (IEA), ordinary Portland cement (OPC) accounts for 10% of global greenhouse gas emissions. Cement
production is projected to increase by 12% to 23% by 2050, potentially exacerbating the negative impacts on living species and the environment. The
manufacture of OPC inherently involves substantial CO2 emissions: first, from burning fuels to achieve the high temperatures needed in kilns, and
second, from heating limestone through the calcining process.

As OPC is widely used as a binding material, the pressure on raw material resources has prompted construction companies to seek alternative binders.
Recently, the use of agricultural and industrial waste products has gained attention due to the health risks and high costs associated with their disposal.
Using these waste products in cement production addresses some issues but the increasing demand for cement highlights its significant impact on
global warming due to CO2 emissions. This has led researchers to explore the potential of aluminosilicate precursors activated with alkaline solutions
as a replacement for traditional cement.

Geopolymers have emerged as a promising solution for the safe and effective disposal of solid waste. The term “geopolymer" was introduced by French
scientist Joseph Davidovits in 1978. Geopolymers are inorganic polymers created by reacting alumina-rich and silica-rich materials with a highly
alkaline solution, combining properties of ceramics, polymers, and cement [11]. Figure 2.8 illustrates the production of clean geopolymer mortar or
concrete using by-products and an alkaline solution. Over the past few decades, researchers have focused on developing geopolymer products using
various low-cost aluminosilicate materials with a three-dimensional amorphous microstructure, or other industrial by-products (e.g., rice husk ash, fly
ash, furnace slag), activated with alkaline solutions [12].
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Compressive Strength

The compressive strength of geopolymer mortar or concrete is a crucial property for construction and quality assurance, indicating the maximum
compression force the material can withstand without failure. This strength serves as a general measure of mortar or concrete quality and is an
important indicator of other properties. The compressive strength of geopolymer mortar is typically measured according to ASTM C109/C109M
standards. According to the European standard EN 206-1 [215], the required 28-day compressive strength for different concrete categories ranges from
8 to 100 MPa for lightweight concrete and 10 to 115 MPa for ordinary concrete. Specific ranges for lightweight concrete are from 8 to 80 MPa and 9 to
88 MPa, respectively.

Variations in the compressive strength of fly ash-based geopolymer mortar can be attributed to factors such as the size distribution, shape, and
amorphous microstructure of the aluminosilicate materials used [168]. In this process, the aluminum and silicon components of fly ash are activated by
alkaline solutions, leading to polymerization into atomic chains that form a binder, which binds the fine and coarse aggregates into a homogeneous
matrix. This matrix achieves maximum strength at elevated temperatures. The calcium content in fly ash plays a significant role in strength
development; however, low-calcium fly ash is preferred for binding properties because geopolymer binders depend on the silicon and aluminum
content of the source materials for optimal performance.

The compressive strength of geopolymer products is also influenced by the concentration of the alkaline solution, with higher concentrations leading to
increased strength. Other factors affecting the strength of geopolymer mortar include the binder-to-aggregate ratio, the ratio of sodium silicate to
sodium hydroxide, the molarity of sodium hydroxide, the solution-to-binder ratio, the ratio of silicate to sodium oxide, the silicate-to-aluminum ratio,
and the calcium content [36]. Adding fly ash, silica fume, and kaolin to geopolymer concrete can enhance compressive strength up to a certain point,
but excessive kaolin reduces strength. Additionally, incorporating slag improves strength by densifying the matrix through the filling of void spaces,
resulting in a finer surface and increased compressive strength. Overall, the compressive strength is significantly influenced by the calcium content in
the precursor materials, the concentration of sodium hydroxide (NaOH), and the ratio of sodium silicate to sodium hydroxide.

Calcium Content Effect

[37] investigated the impact of granulated blast furnace slag (GBFS) and varying levels of metakaolin (MK) on the compressive strength of geopolymer
mortar. They incorporated MK at 0%, 5%, 10%, and 15% levels. Their findings showed that the compressive strength at 28 days increased with higher
MK content, rising from 42 MPa to 63.1 MPa. Figure 2 illustrates how different levels of MK replacement affect the compressive strength development
of geopolymer mortars.

Additionally, Figure 2 demonstrates the influence of the calcium-to-silicate ratio on compressive strength under various curing conditions, including
different temperatures and curing times. The research revealed that compressive strength decreased with higher curing temperatures and lower calcium-
to-silicate ratios. Specifically, a low compressive strength was observed with a calcium-to-silicate ratio of 1.08 at a curing temperature of 90°C under
oven curing conditions [38].
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Figure 1: Effect of MK replaced GBFS on compressive strength development of geopolymer mortar [26].
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Figure 0: Impact of Ca/Si ratios on compressive strength at various durations and curing temperatures [27].

Effect of Sodium Hydroxide Molarity

[28] investigated how varying sodium hydroxide concentrations (6, 10, and 14 M) influenced the development of compressive strength in geopolymer
mortar. Their findings indicated that an increase in molarity led to a corresponding increase in compressive strength. Similarly, Vasconcelos et al. [20]
examined the impact of different sodium hydroxide concentrations (12, 14, and 16 M) on the strength of geopolymer mortar. Their results showed that
compressive strength improved as the molarity increased from 12 to 14 M after 7, 28, and 56 days of curing. However, at 16 M, the compressive
strength was observed to be lower than that at 14 M, as depicted in Figure 3.
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Figure 3: Compressive strength development of geopolymer mortar vs. concentration of sodium hydroxide at different curing days with the inclusion of
various sand to binder mass ratios (30%, 60%, and 90%) [20].
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Flexural Strength

The flexural strength of geopolymer mortar/concrete is crucial for understanding the structural behavior under service loads. This strength depends on
the matrix microstructure and the transition zone between the cement paste and aggregate. It is particularly significant in the design of reinforced
concrete structures. Typically, the flexural strength of geopolymer binders is measured using the three-point bending test, as reported in the literature.
The failure of tension in OPC/geopolymer concrete is characterized by micro-cracking, especially in the transition region of interfaces. The physical
characteristics of this transition zone affect flexural strength more significantly than compressive strength.

For mortars made with ordinary Portland cement (OPC), those with maximum compressive strength often have optimal flexural strength. However,
geopolymer mortar exhibits high flexural strength despite lower compressive strength due to the excellent adhesion of the paste to sand particles and
the inherent brittleness of the geopolymer mortar. The sand content significantly influences the flexural strength of geopolymer mortars. [31] reported
that increasing sand content could enhance the flexural strength, with optimal strength achieved at 78% sand content. Beyond this point, flexural
strength declines due to insufficient binder among sand particles, leading to void spaces and increased porosity.

Figure 3 illustrates the effect of ground granulated blast furnace slag (GGBFS) on the flexural strength of fly ash-based geopolymer mortar. The figure
shows that adding GGBFS increases flexural strength at all curing times, with a more noticeable increase at 7 days (approximately 221%) compared to
28 days (80%) with GGBFS content from 10% to 40%. Geopolymer mortar made with 95% GGBFS and 5% metakaolin achieved a high early flexural
strength of 5.7 MPa, surpassing ordinary Portland cement-based mortar. Additionally, the 28-day flexural strength exceeded 8 MPa, a more than 50%
improvement over ordinary Portland cement mortar. These findings highlight the early strength gains of high-calcium binders due to C-S—H formation,
like alkali-activated mortars, unlike OPC which relies solely on C-S-H formation. However, the early flexural strength of geopolymer mortar made
with GGBFS and fly ash decreases with increasing curing temperatures from 27°C to 90°C due to heat-induced micro-cracks.
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Figure 4: Effect of GGBFS replacement on flexural strength of FA/GGBFS mortar [25].
X-Ray Diffraction (XRD) Technique
[22] analyzed the XRD patterns of fly ash and geopolymer, as shown in Figure 2.27. The fly ash exhibited an amorphous phase, characterized by a

broad hump around 26 = 20°-38°. This amorphous structure is typical of aluminosilicate materials, though other peaks were also observed. In the
geopolymer, these broad humps persisted, indicating that the amorphous structure of the aluminosilicate was maintained.
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Figure 5: XRD pattern of fly ash and geopolymer [22].

Results and Discussions

Compressive Strength of Geopolymer Mortar

The unconfined compressive strength (UCS) of geopolymer mortar samples, varying by PSA percentage, sodium silicate to sodium hydroxide ratios,
and sodium hydroxide concentrations, was measured at 3, 7, and 28 days (Figure 4.8). As expected, compressive strength increased with curing time
from 3 to 28 days, likely due to the ongoing geopolymerization reaction.

At 3 days, the reference control geopolymer mortar exhibited higher strength than those containing 10% and 20% PSA, attributed to the alkali in the
matrix promoting early geopolymerization. The 3-day UCS of reference mortar M3 was 25% higher than M11, and M4 was 13.83% higher than M7,
due to the low early pozzolanic reaction of PSA. However, control mortar M6 had lower strength than mortars with 10% and 20% PSA by 58.7% and
20.90%, respectively. At 7 days, compressive strength improved significantly across all 20 mixtures. By 28 days, M11 had a compressive strength
9.38% higher than M3, and M14 and M19 were 8.66% and 11.18% higher than M6, respectively.

Incorporating 20% PSA activated with sodium silicate and sodium hydroxide enhanced compressive strength, likely due to the PSA particles reacting in
the matrix, continuing the geopolymerization process, and forming a dense, three-dimensional calcium aluminosilicate hydrate gel (C-A-S-H). The
molarity of sodium hydroxide had a greater effect on compressive strength than the sodium silicate to sodium hydroxide ratio. Formation of sodium
carbonate was observed on the surface of cubes made with 16 molarity sodium hydroxide, attributed to excess Na+ cations reacting with atmospheric
COg, forming efflorescence like Na-COs-H:0 and Nas;(HCO:)(COs)-2H20 under curing humidity conditions .

Compressive strength plot of geopolymer mortar.
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Figure 4, Compressive strength results
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Figure 4.8 illustrates the unconfined compressive strength (UCS) of geopolymer mortar samples with varying percentages of PSA, different sodium
silicate to sodium hydroxide ratios, and sodium hydroxide concentrations at 3, 7, and 28 days. As anticipated, all geopolymer mortar mixtures exhibited
increased compressive strength with prolonged curing from 3 to 28 days. This increase is likely due to the ongoing geopolymerization reaction over
time, enhancing the strength.

At the 3-day mark, the reference control geopolymer mortar showed higher strength compared to those with 10% and 20% PSA, attributed to the
presence of alkali that accelerates geopolymerization early on. As shown in Figure A, the UCS of reference mortar M3 was 25% higher than mortar
M11. Similarly, M4 was 13.83% stronger than M7. The lower strength of the geopolymer mortars with PSA at an early age is due to the slow
pozzolanic reaction of PSA. However, control mortar M6 had lower strength than mortars with 10% and 20% PSA by 58.7% and 20.90%, respectively.

By 7 days, all 20 geopolymer mortar mixtures showed significant strength improvements. At 28 days, mortar M11 had a 9.38% higher compressive
strength than control M3, and mortars M14 and M19 exceeded control M6 by 8.66% and 11.18%, respectively.

Incorporating 20% PSA activated with sodium silicate and sodium hydroxide increased compressive strength, likely due to PSA particles reacting
within the geopolymer matrix, the continued geopolymerization process, and the multi-condensation of aluminosilicate forming a three-dimensional
structure. This process also produced calcium aluminosilicate hydrate gel (C—A-S—H) from the calcium in the source materials, creating dense,
compact mortar structures as seen in micrographs, thereby enhancing mechanical performance.

The compressive strength profile indicates that sodium hydroxide molarity has a more significant impact than the sodium silicate to sodium hydroxide
ratio. On the surface of geopolymer mortar cubes made with 16 molarity sodium hydroxide, sodium carbonate formation was observed. This is due to
excess Na+ cations moving inside the pore structure and reacting with atmospheric carbon dioxide after water evaporation. Efflorescence in
geopolymers, such as Na2CO3-H20 and Na3(HCO3)(C03)-2H20, was noted, with the extent and nature of efflorescence being influenced by curing
humidity conditions.
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