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Abstract


This experiment investigated the mechanical performance and acid resistance (when subjected to 28 days of exposure to sulfuric and nitric acid of five percent) of ambient-cured geopolymer concrete. Geopolymer concrete (GPC)—which is produced by using industrial by-products, including fly ash and ground granulated blast furnace slag (GGBS)—is a low-carbon and strong substitute of Ordinary Portland Cement (OPC). This experiment examines the mechanical and acid-resisting properties of ambient GPC with different GGBS (10, 30, and 50 percent) contents. The compressive, tensile, and flexural strengths were measured at 7, 14, and 28 days, and durability was measured under an exposure of 5% sulfuric and nitric acids. X-ray diffraction (XRD) and scanning electron microscopy (SEM) showed that gypsum and ettringite were formed by sulfuric acid that weakened the structure, whereas surface decalcification was mostly caused by nitric acid. Mixes with a high fly ash content had more amorphous structures and better acid resistance, whereas those having high GGBS contents had high early strength because of high densities of the C–A–S–H gel. The findings indicate a strength–durability trade-off, which can be used to control the optimized mix design to produce sustainable and long-term infrastructure.
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1. Introduction


1.1. Global Context and Motivation


One of the major sources of greenhouse gas emissions and resource consumption in the world is the construction industry. It contributes approximately 40 percent of the total energy consumption and approximately 30 percent of carbon dioxide emissions, mainly because of the manufacturing and consumption of cement [1,2]. Ordinary Portland Cement (OPC), the backbone of modern construction, has a rate of about 0.8–0.9 tons of CO2 per ton of the clinker formed [2,3]. This is attributed to two important processes: the calcification of limestone, which emits a significant quantity of CO2, and the energy consuming kiln processes, which demand temperatures greater than 1400 °C [4]. OPC concrete is extremely vulnerable to decay in cases of intense contact with chemical agents, like in wastewater facilities, sewer systems, and sulfate-containing or nitrate-containing soils. In these environments, calcium hydroxide is washed out of the matrix, causing the formation of gypsum and ettringite, internal microcracking, and a subsequent structural capacity loss [5]. Rebuilding or fixing the worn-out buildings has high economic and environmental expenses [6].




1.2. Geopolymer Concrete as an Alternative


Geopolymer concrete (GPC) has been proposed as a sustainable binder system capable of addressing both carbon emissions and durability issues. First conceptualized by Davidovits in the late 1970s [7], geopolymers are synthesized by activating aluminosilicate-rich precursors such as fly ash, GGBS, and metakaolin with alkaline solutions (e.g., NaOH and Na2SiO3). This reaction forms amorphous to semi-crystalline binding gels—sodium aluminosilicate hydrate (N–A–S–H)—and, when calcium is present, calcium aluminosilicate hydrate (C–A–S–H) [8,9,10]. These gels offer greater microstructure density than OPC hydration products and are less leached in their acidic surroundings. In addition, GPC uses industrial by-products which otherwise could be disposed in landfills, leading to waste management and resource efficiency [11]. In their research, [12] investigated the characteristics of geopolymer concrete (GPC) with the use of fly ash and ground granulated blast furnace slag (GGBS) as binding agents. They discovered that the optimal composition of the GGBS and fly ash was 80% and 20%, respectively, which produced the highest level of consistency and strength in the GPC. Though earlier research found that GGBS was found to be best in some conditions, this research intentionally examined less favorable values (10, 30, and 50%) to determine trade-offs between early strength and acid durability under ambient curing.




1.3. Sustainability Significance


In the environment CO2 can be minimized by 60–80 percent by replacing OPC with fly ash and GGBS [13]. GPC is economically beneficial as it allows industrial symbiosis: in coal-fired electricity plants and the steel industry by-products are used, which minimizes the costs of disposal, saving other natural resources [14]. Policy wise, GPC complies with international climate and infrastructure objectives, such as the United Nations Sustainable Development Goals (SDGs), especially SDG 9 (Industry, Innovation, and Infrastructure), SDG 11 (Sustainable Cities and Communities), and SDG 13 (Climate Action) [14,15]. Life cycle assessments (LCAs) also show that GPC is better than OPC regarding embodied energy, global warming, and end-of-life environmental impacts. In addition to the environmental advantages, higher performance in hostile conditions means a longer service life and lower maintenance expenses, which further reduce impacts on the life cycle [16].




1.4. Acid Resistance in GPC and OPC


In severe service conditions, acid resistance is an important parameter that helps determine the durability of concrete. OPC concretes are especially susceptible to this as a by-product of cement hydration: calcium hydroxide (Ca(OH)2) reacts with acids to form soluble salts and weaken the structure [17]. GPC, on the other hand, does not contain portlandite, and its binding is provided by N–A–S–H gels and C–A–S–H gels, which are overall more chemically stable [18]. Nonetheless, the results of the research vary. The low-calcium GPCs that are produced using fly ash have also been reported to exhibit high acid resistance because of the chemical stability of N–A–S–H gels [19]. On the other hand, GGBS-rich systems with superior mechanical strength are prone to the formation of calcium-containing phases, which can be decalcified and converted to gypsum when strongly attacked by acids [20]. For example, [21] demonstrated that fly ash-based GPC resisted sulfuric acid more effectively than OPC mixes. On the other hand, Wang et al. [22] found that an excessive calcium content in GGBS-rich geopolymers compromised long-term acid resistance. The current studies are focused on the commercialization of industrial solid wastes to produce binders in a sustainable manner. Investigations like [23,24] have shown an increase in the geopolymer strength with multiple industrial wastes’ incorporation, with [25,26]’s evaluations of eco-synergetic interactions between calcium-based and silica-based by-products to stabilize wastes. These observations support geopolymer technology as a sustainable approach to the use of solid waste and the use of low-carbon construction according to the principles of the circular economy. Moreover, [27] the GBFS/recycled steel tire wire synergistic effect facilitates the densification of the matrix and the crack-bridging behavior, resulting in more mechanically sound and compact microstructure composites [28]. The flexural and shear performance of the reinforced geopolymer concrete beam exhibited ductile behavior, minimized crack spacing, and a high load bearing capacity as compared to concrete beams [29]. It was found that the simultaneous application of micro-silica fume and waste steel lathe scraps showed a better improvement in the strength parameters not only in terms of an enhanced matrix density but also a decreased porosity, which is an important revelation in terms of valorizing industrial waste.




1.5. Research Gaps and Objectives


Research Gap: Although significant improvements have been made, there are still lapses in terms of acid resistance mechanisms in the fly ash–GGBS-based GPC. There are few studies that combine microstructural data (XRD and SEM) with mechanical and durability performance and sulfuric and nitric acid environments. The purpose of this study is to determine the mechanical and microstructural properties of fly ash and GGBS geopolymer concretes in aggressive acid conditions in a comprehensive manner.



The objectives of this study are as follows:




	
To investigate the mechanical properties of GPC with 10%, 30%, and 50% GGBS replacement levels.



	
To determine deterioration during exposure to sulfuric and nitric acids in terms of mass and strength loss indices.



	
To conduct microstructural analyses (XRD and SEM) for understanding degradation mechanisms.



	
To examine the findings within the broader discourse on sustainable and low-carbon construction.










2. Materials and Methods


2.1. Materials


2.1.1. Fly Ash (Class F)


A locally available Class F fly ash was used as the primary precursor. It contained low amounts of calcium oxide (<5%), high silica (~60%), and alumina (~26%), making it highly pozzolanic [30,31]. Its spherical morphology, confirmed through scanning electron microscopy, enhanced packing density and contributed to workability in fresh mixes. Table 1 show properties of fly ash and GGBS.



The GGBS was procured from a steel plant and had a calcium oxide content of approximately 40%, along with significant silica, alumina, and magnesia. The latent hydraulic properties of GGBS facilitated early C–A–S–H gel formation, accelerating strength development compared to fly ash [32]. Table 2 shows the chemical composition of the source materials (fly ash and GGBS).




2.1.2. Alkaline Activator Solution


A binary alkaline solution consisting of sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) was used and their properties are listed in Table 3. Sodium hydroxide pellets were dissolved in distilled water to obtain a 12 M solution, while sodium silicate was blended at a mass ratio of 2.5:1 (Na2SiO3: NaOH). The solution was prepared 24 h prior to mixing to ensure temperature stabilization and complete dissolution, consistent with best practices from prior research [33].




2.1.3. Superplasticizer


A high-range water reducer constructed from sulfonated naphthalene formaldehyde was incorporated at a rate of 2% of the binder’s weight. This admixture improved workability without altering the water-to-binder ratio, thereby avoiding dilution of the geopolymerization process [34].



Fine aggregates: Zone II natural river sand with fineness modulus of 2.6, specific gravity of 2.63, and water absorption of 1.2%.



Coarse aggregates: The coarse aggregates utilized are crushed granite, which has a maximum dimension of 20 mm, specific gravity of 2.70, and water absorption rate of 0.5%. These aggregates are in accordance with the requirements of IS 383:2016 [35].



Aggregates were in compliance with IS 383:2016 (Zone II) and the properties are shown in Table 4. Before batching, moisture correction was carried out. In binder mass (fly ash + GGBS), the 2 percent dose of superplasticizer was by mass.





2.2. Mix Proportions


Three mixes were designed, varying the GGBS replacement level relative to fly ash: GPC10: 10% GGBS, 90% fly ash; GPC30: 30% GGBS, 70% fly ash; and GPC50: 50% GGBS, 50% fly ash as shown in Table 5.



Each mix had a constant alkaline activator to binder ratio of 0.5 and Na2SiO3-to-NaOH ratio of 2.5. A water-to-binder ratio of 0.35 was maintained, accounting for the water content in sodium silicate.




2.3. Specimen Preparation and Casting


The concrete was prepared in a pan mixer in the following order: dry blending of the precursors (fly ash and GGBS) then aggregates, and then alkaline activator solution and superplasticizer were added. Lubricated steel molds were filled with fresh concrete and pressed with a vibrating table.



The following specimen sizes were prepared:




	➢

	
Compressive strength: Cubes of 150 × 150 × 150 mm.




	➢

	
Split tensile strength: Cylinders of 150 mm diameter × 300 mm height.




	➢

	
Flexural strength: Prisms of 100 × 100 × 500 mm.










2.4. Curing Regime


All specimens were cured at ambient laboratory temperature (27 ± 2 °C). This study did not involve high curing as many past GPC studies did because the aim was to determine the viability of in situ use in real-life construction. This method is indicative of realistic situations, and less energy is required to support sustainability [36].




2.5. Acid Resistance Testing


The more specimens were cured (28 days), the more specimens were put in a problematic environment by putting them into a 5 percent sulfuric acid (H2SO4) and 5 percent nitric acid (HNO3) solution to determine their toughness. To ensure consistency, the PH of solutions was checked and maintained on a weekly basis.



The parameters are established as follows:



Mass loss percentage: This is obtained by weighing the specimen (before the terminal and after the terminal).



Residual strength (%): The compressive strength of the specimens that were both exposed to acid and that of controls, which were measuring the strength of the specimens. The reason why sulfuric and nitric acids were selected for this test design was due to the fact that the sulfuric and nitric acids are frequent aggressive reagents that are present in sewage systems, industrial effluents, and the acidic soils [37].




2.6. Microstructural Analysis


X-ray diffraction (XRD): It was performed at 20 using CuKa radiation at a range of 10–70. Corresponding quartz, mullite, C–A–S–H, and gypsum peaks were observed [38,39].



Scanning electron microscopy (SEM): Gel morphology, microcracking, and secondary crystallization were observed under high-resolution images with magnifications of 1000–5000× frequency [40].




2.7. Testing Arrangements and Test Processes


The mechanical tests were carried out in accordance with the following settings and requirements:




	
Compressive Strength: 150 × 150 × 150 mm size cubes were subjected through compressive testing machine (CTM) with a capacity of 2000 kN, according to IS 516:2018. The loading rate was kept at 140 kg/cm2/min until failure.



	
Split Tensile Strength: Cylindrical specimens with 150 mm diameter and 300 mm height were tested in accordance with IS 5816:1999. To promote even distribution, the load was placed on the cylinder in a diametrical manner with the help of strips made of steel (3 mm thick).



	
Flexural Strength: Beam samples (100 × 100 × 500 mm) were subjected to three-point loading in accordance with IS 516:2018, with a span of 400 mm and loading rate of 180 kg/min.



	
Demolding of the samples followed after 24 h, and they were cured at 27 ± 2 °C, RH 60–70, with vibration compaction (30 s) and no bleeding/segregation.










3. Results


Table 6 shows the results for the compressive strength, tensile, and flexural properties for GPC mixes at 7, 14, and 28 days.



3.1. Compressive Strength


Compressive strength results for GPC10, GPC30, and GPC50 at 7, 14, and 28 days are presented in Table 6 and Figure 1. Results showed that the strength increased with both the curing age and GGBS content. GPC10 reached 23.14 MPa at 28 days, GPC30 reached 27.63 MPa, and GPC50 reached 57.25 MPa. The rate of early strengthening was especially high for GPC50, where the calcium-rich GGBS assisted in the fast development of C–A–S–H gels. Reported values for the strength and mass loss are all mean values of three specimens (n = 3), and variability is reported as the mean. Such observations are consistent with previous findings that GGBS makes the buildup of strength faster in geopolymer binders [41,42]. Bernal et al. [36] demonstrated that the combination of GGBS and fly ash produces hybrid binding systems with complementary N–A–S–H and C–A–S–H gels. Table 6 shows the results for the compressive strength, tensile, and flexural properties for GPC mixes at 7, 14, and 28 days.




3.2. Tensile Strength


Table 6 and Figure 2 display the tensile strength of the mixes after 28 days. GPC10 registered 2.08 Mpa, GPC30 was 3.62 Mpa, and GPC50 was 5.15 Mpa. The enhancement of the increased GGBS can be explained by the existence of denser microstructures and enhanced interfacial transition zones. These findings are similar to those of [43,44], who reported increased tensile strength in slag-based GPCs, and Law et al. [45], who reported that tensile properties were directly correlated with the calcium content of precursors.




3.3. Flexural Strength


Table 6 and Figure 2 present the flexural strength results for 28 days. The value increased to 3.56 Mpa in GPC10 and 5.60 Mpa in GPC50. Although the flexural strength was greatly enhanced with the addition of GGBS, it was still proportionately lower than the compressive strength, which is indicative of the brittle failure characteristic of geopolymer concretes. Ref. [46] pointed to the same tendencies, and reinforcement measures should be taken to balance the brittle materials with fibers or nano-silica.




3.4. Acid Resistance—Mass Loss


After 28 days of immersion in 5% sulfuric acid and nitric acid, mass loss percentages were recorded. Figure 3 shows the mass loss (%) of GPC mixes under sulfuric and Figure 4 shows nitric acid exposure. In sulfuric acid, GPC10 lost 11.6%, GPC30 lost 10.3%, and GPC50 lost 9.2%. In nitric acid, GPC10 lost 7.5%, GPC30 lost 6.3%, and GPC50 lost 5.6%. Sulfuric acid was more aggressive, primarily due to the gypsum and ettringite formation, which caused expansion and microcracking [47]. Nitric acid induced decalcification but did not produce expansive products, leading to comparatively less deterioration [48].




3.5. Acid Resistance—Residual Strength


Residual compressive strengths after acid exposure are presented in Figure 5, including the residual strength loss in GPC mixes after sulfuric and nitric acid exposure.



	➢

	
Sulfuric acid exposure: The strength loss ranged from 28% (GPC10) to 23% (GPC50).




	➢

	
Nitric acid exposure: The strength loss ranged from 28% (GPC10) to 22% (GPC50).







This shows that the increased GGBS content also improved resistance but caused a susceptibility to gypsum crystallization during the sulfuric acid assault. The same was observed by [49], who observed that systems containing more calcium had better short-term and worse long-term chemical stability in geopolymer systems.




3.6. Microstructural Analysis


3.6.1. XRD Findings


XRD results before and after the acid exposure are shown in Figure 6. Control specimens revealed broad amorphous humps (20–35° 2θ), characteristic of geopolymer gels. After the sulfuric acid attack, distinct gypsum peaks appeared, especially in GPC50.



Gypsum peaks were observed at around 11.6°, 20.7°, and 29.1° (2°), and small peaks that may have been caused by ettringite were noted at 9.1° and 15.8°, which confirmed that the crystallization of sulfates occurred in GGBS-based mixes.



Fly ash-rich mixes retained more of their amorphous structure, indicating chemical stability. These results are consistent with [46,50,51], who reported that fly ash-based systems-maintained N–A–S–H stability even after acid exposure. Figure 7 depicts the micrograph of the SEM of the fly ash-based GPC10 mix, which indicates a comparatively porous matrix with unreacted spherical particles and micropores. The poor gel structure and diffused holes are a sign of incomplete geopolymerization during ambient curing. The GPC50 mix shown in Figure 8 has a GGBS-based structure that was significantly denser and more compact; this indicates the existence of continuous C–A–S–H gel networks. Upon immersion in sulfuric acid, gypsum crystals were also found in the pores, and the secondary reaction products were found to be responsible for the expansion and degradation of the surface. The comparative analysis of both figures shows that the fly ash-rich mix remained structurally intact by being slightly dissolved on the surface, as compared to the slag-rich mix, which exhibited crystalline deposition, as was the case with the XRD. These findings reiterate that calcium-enriched systems though stronger are more susceptible to chemical degradation in the presence of sulfuric acid.




3.6.2. SEM Findings


From the SEM images shown in Figure 7 and Figure 8, GPC10 exhibited significant microcracking and leaching voids. GPC50 displayed denser microstructures initially, but after the sulfuric acid immersion, gypsum crystals were evident within pores. The nitric acid exposure produced surface roughening and minor microcracks but without expansive products. These findings align with [52], who found that microcracks propagate in slag-rich systems exposed to sulfuric acid, whereas fly ash-based systems retain their integrity longer.






4. Discussion


In this research paper, there is an ecologically realistic and practical evaluation of ambient-cured geopolymer concrete, which is a significant step away from the high curing used in earlier studies. This work compares the action of sulfuric and nitric acids in a systematic manner and presents the various mechanisms of the degradation of the gel using the calcium contents and gel chemistry. The findings provide original empirical information on the trade-off between the early-age strength (which should be dominated by the C–A–S–H formation under the influence of GGBS) and the acid resistance (which should be governed by the stability of N–A–S–H in the fly ash-based systems). These results are important sources in the existing literature about the relationship between field-feasible curing, microstructural evolution, and sustainability implications in a single context.



4.1. Mechanical Properties of Fly Ash–GGBS Geopolymer Concretes


The precursor geopolymer concrete (GPC) chemistry and reactivity have a strong effect on the mechanical performance of geopolymers. The use of GGBS in this paper has shown that compressive, tensile, and flexural strengths were significantly improved over the low-slag counterparts, as was previously reported; slag promotes geopolymerization because of its high calcium level [27,28]. Calcium in GGBS enhances the fast formation of calcium aluminosilicate hydrate (C–A–S–H) gels that complement sodium aluminosilicate hydrate (N–A–S–H) networks formed by fly ash at 28 days. This two-gel system explains why the GPC50 mix experienced high gains in strength relative to the GPC10 mix, which was over two times stronger at 28 days.



The increase in tensile and flexural strength is also an indicator of the densification of the matrix and a better interfacial transition zone (ITZ) between the binder and aggregates. The same findings were achieved by [16], who found that the incorporation of GGBS refined the pore structure as well as increased crack resistance in geopolymer composites. Other researchers warn, however, that extremely high GGBS contents (>60%) can cause autogenous shrinkage and microcracking, which can negate the strength gains [53]. Thus, while GGBS is clearly beneficial, an optimal proportion must be identified for structural applications.




4.2. Acid Resistance and Durability


The durability results highlight a critical trade-off: although GGBS-rich mixes achieved higher strengths, they were more vulnerable to the acid attack. Sulfuric acid caused a significantly higher mass loss and strength reduction than nitric acid, which aligns with the findings of [54]. The sulfate attack on slag-rich mixes is caused by the large formation of gypsum and ettringite, which is responsible for the extreme degradation. Conversely, nitric acid mostly causes the loss of alkalis and the gradual dissolution of the matrices and thus causes less devastating damage [55,56,57].



Fly ash-rich (e.g., GPC10) mixes had a better performance in hostile acidic conditions despite being weaker mechanically. This comparative stability can be explained by the fact that the proportion of N–A–S–H gels is less reactive with the sulfate ions than C–A–S–H phases [12]. An example is that fly ash-dominant binders could be useful in infrastructure in acidic soils and wastewater systems, whereas higher GGBS contents could be useful in precast structural elements that need high early strength.



The degradation mechanism under acidic exposure is under the control of dissolution–precipitation kinetics. The calcium ions of GGBS react with the sulfate ions to create gypsum and ettringite, which expand in the matrix and thus causes cracking. The thermodynamic benefit of this reaction is that CaSO4 2H2O has a lower solubility at room temperature and is hence volatile. On the other hand, nitric acid is primarily a decalcifying agent, and the salts of nitrate are more soluble and do not precipitate, and thus the effect of the deterioration is slower.



The fly ash-rich systems are thermodynamically stable due to the lower Gibbs free energy change in the N–A–S–H gels in the presence of acids, hence they dissolve less than the calcium-bearing C–A–S–H phases. These findings are in line with the earlier studies of acid–gel interactions by Bakharev (2005) [31], who also found an identical stability sequence of the amorphous aluminosilicate gels in geopolymer binders.




4.3. Microstructural Insights


X-ray diffraction (XRD) and scanning electron microscopy (SEM) findings can be useful in terms of supporting the existing performance patterns. Slag-rich mixes’ XRD patterns indicated crystalline peaks of C–A–S–H, whereas those of the acid-exposed samples had an additional peak of gypsum and ettringite, which proved the degradation caused by sulfates. Other microstructural changes were also observed by [27,38], who demonstrated that the calcium–silica ratio is critical in determining the stability of geopolymer binders in acidic environments. SEM micrographs also revealed that the denser the matrices were, the higher the content of GGBS was, and this is the reason why GPC30 and GPC50 had better strengths. Nevertheless, SEM after the acid addition showed drastic surface cracking and the deposition of gypsum crystals in slag-laden mixes and more porous yet chemically stable mixes in fly ash-laden mixes. This is aligned with reports by [46], who found that microstructural compactness enhances strength but also promotes expansive stress development when exposed to aggressive acids.



The microstructural tendencies observed during the current work are consistent with the model of degradation suggested by Fernández-Jiménez and Palomo (2005) [47], according to which decalcification caused by acids weakens the C–A–S–H phases and does not affect the silica–alumina network of N–A–S–H gels. This model is further developed by the existing results to include dual-acid exposure environments and ambient curing environments, which provide a more realistic assessment of the behavior of geopolymer concretes in the field of service.




4.4. Sustainability and Environmental Concerns


The replacement of OPC by geopolymer binders is very beneficial to the environment. Around the world, cement manufacturing accounts for approximately 7–8 percent of CO2 gases [11]. Embodied carbon may be cut by 40–80 percent using geopolymers based on fly ash and GGBS, depending on the mix production and transportation distances [58]. In addition, the valorization of industrial by-products will reduce waste disposal in landfills and promote circular economic programs. However, it is not possible to evaluate sustainability using embodied carbon alone. Durability is also a critical factor since high-GGBS-level mixes will require protection (e.g., surface coating and altered activator chemistry) to maintain long-term stability in acidic conditions. It is necessary, therefore, to have a life cycle viewpoint that is a combination of embodied carbon analysis and durability-motivated service life predictions [31,59].





5. Conclusions


The mechanical performance, acid resistance, and microstructural behavior of geopolymer concretes using different proportions of fly ash and ground-granulated blast furnace slag (GGBS) were the focus of the experimental studies. Depending on the findings, it is possible to draw several conclusions:



5.1. Summary of Key Findings


5.1.1. Strength Development


The compressive, tensile, and flexural strength increased with the increase in the GGBS content. The highest strength of GPC50 (50% GGBS) was recorded at 57.25 Mpa (28 days), which was a lot higher than GPC10 (23.14 Mpa). The strength gain in the slag-laden mixes was explained by the fact that the C–A–S–H gel formed rapidly, which counterbalanced the slow geopolymerization of the fly ash.




5.1.2. Acid Resistance


All mixes degenerated in the presence of both sulfuric and nitric acids, but those in the presence of sulfuric acid were more severely damaged. The mass loss was between 11.6 (GPC10 in H2SO4) and 5.6 (GPC50 in HNO3). The loss of strength in the remains of the residue was of the same order; sulfuric acid produced expanding gypsum and ettringite, whereas nitric acid produced decalcification but no expanding products.




5.1.3. Microstructural Insights


XRD showed that GGBS-rich specimens that were exposed to sulfuric acid exhibited gypsum peaks, whereas amorphous phases were retained in fly ash-rich mixes. SEM established microcracking and leaching pores in fly ash blends and gypsum crystallization in GGBS mixes.




5.1.4. Durability Trade-Offs


The GGBS improved the strength of the material in the early days and at the expense of long-term performance in the acid-prone gypsum formation. The fly ash benefited the material in regard to long-term chemical stability but at the cost of decreased early strength.




5.1.5. Sustainability Contributions


According to the literature, the CO2 reduction potential of geopolymers of fly ash GGBS is 40–70% (A1–A3 scope, 1 m3 functional unit). Further LCA validation is proposed. The promotion of fly ash and GGBS is in line with the concept of a circle economy and minimizes landfills. Better life in aggressive conditions increases service life and life cycle costs, and environmental effects are minimized. On the whole, the findings affirm the fact that the fly ash–GGBS ratios should be optimized to achieve mechanical performance, durability, and sustainability in geopolymer concrete.




5.1.6. Practical Guidance


The general recommendation for sewer environments should be less than 30% GGBS, and for precasts it should be more than 50%. Key parameters include the following: GGBS%, NaOH M, Na2SiO3:NaOH ratio, and curing RH.





5.2. The Implications for Construction Practice


The findings provide good guidance for practical applications. GGBS-rich mixes might be of benefit where high strength is required, e.g., precast elements, high-rise constructions or pavements, as these cannot develop strength very quickly, and microstructures are dense. Sewer networks, chemical plants, or even wastewater treatment systems, which require acidic hazardous environments, ought to prefer fly ash-dominant mixes because of their better acid resistance. General-purpose construction facilitates better options (such as GPC30) and can offer an ideal balance between strength and durability. Procedural curing, especially the one that was embraced in this research, also makes the case of practical adoption stronger, as longer curing is usually not practical in the field.




5.3. Future Research Directions


Notwithstanding the informative results, there are yet a number of limitations: The exposure to acid was not long-term (28 days), and long-term (up to 1 year) studies need to confirm durability. This study only investigated sulfuric and nitric acids; in reality the exposures are usually mixed (chlorides, carbonation, and freeze thaw). One concentration of the activators (12 M NaOH) was tested; properly looking at other molarities and combinations of the activators may enhance the performance further. To avoid premature reactions, the NaOH solution was allowed to cool at 25 °C for 24 h before mixing. Sustainability claims require life cycle assessments (LCAs) with field-scale trials to be completely validated. Future studies would also consider nanomaterial additives (e.g., nano-silica and graphene oxide) that would improve mechanical as well as durability properties without leading to sustainability losses [60,61].
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Figure 1. Compressive strength of GPC specimens. 
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Figure 2. Tensile and flexural strength of GPC specimens. 
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Figure 3. Mass loss % of M25 and M50 grades during immersion in 5% H2SO4. 
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Figure 4. Mass loss % of M25 and M50 grades during immersion in 5% HNO3. 
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Figure 5. Strength loss % for M25 and M50 grades during immersion in H2SO4. 
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Figure 6. XRD pattern of GPC specimens immersed in H2SO4 and HNO3. 
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Figure 7. Scanned electron microscope image of fly ash. 
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Figure 8. Scanned electron microscope image of GGBS. 
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Table 1. Physical properties of fly ash and GGBS.
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	Properties
	Fly Ash (%)
	GGBS (%)





	Color
	Gray
	White



	pH
	8.12
	10.32



	Specific gravity
	2.20
	2.90










 





Table 2. Chemical composition of source materials.






Table 2. Chemical composition of source materials.





	Chemical Composition
	Fly Ash (%)
	GGBS (%)





	Calcium Oxide
	3.48
	40.52



	Silica
	60.10
	34



	Alumina
	26.50
	13.12



	Iron Oxide
	4.25
	0.80



	Magnesia
	1.25
	7.89



	Sulphur Trioxide
	0.35
	0.90



	Soda/Potassium
	0.22
	Nil



	LOI
	0.88
	Nil










 





Table 3. Properties of NaOH and Na2SiO3.






Table 3. Properties of NaOH and Na2SiO3.





	Properties
	NaOH
	Na2SiO3





	Molar (mass)
	40 g/mol
	125.1 g/mol



	Density
	2.08 g/cc
	2.62 g/cc



	Boiling stage
	1386 °C
	-



	Melting stage
	322 °C
	1086 °C










 





Table 4. Fine and coarse aggregate properties [35].
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	Properties
	Fine Aggregate
	Coarse Aggregate





	Specific gravity
	2.63
	2.7



	Density
	1.62 kg/L
	1.723 kg/L



	Water absorption
	1.26%
	0.49%



	Fineness modulus
	2.62
	5.35



	Void ratio
	0.42
	0.86










 





Table 5. Mix proportions for GPC10, GPC30, and GPC50.
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Mix Id.

	
%

	
Fly

Ash (kg)

	
GGBS (kg)

	
FA

(kg)

	
CA

(kg)




	
FA

	
GGBS






	
GPC 10

	
90

	
10

	
354

	
39.4

	
554

	
1294




	
GPC 30

	
70

	
30

	
276

	
118.2

	
554

	
1294




	
GPC 50

	
50

	
50

	
197

	
197.1

	
554

	
1294











 





Table 6. Strength results for GPC specimens with fly ash and GBBS.






Table 6. Strength results for GPC specimens with fly ash and GBBS.





	
Mix Id.

	
Compressive Strength (MPa)

	
Tensile Strength (MPa)

	
Flexural Strength (MPa)




	
7 d

	
14 d

	
21 d

	
28 d

	
7 d

	
28 d

	
7 d

	
28 d






	
GPC 10

	
15.21

	
18.92

	
20.12

	
23.14

	
1.37

	
2.08

	
2.85

	
3.56




	
GPC 30

(M25)

	
18.36

	
20.32

	
23.36

	
27.63

	
1.65

	
2.49

	
3.13

	
3.89




	
GPC 50

(M50)

	
25.38

	
37.89

	
43.72

	
57.25

	
2.28

	
5.15

	
3.68

	
5.60
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