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Abstract

:

This research focuses on the utilization of recently investigated aluminosilicate industrial wastes as precursors to produce non-structural precast alkali-activated concrete pavement blocks. For this purpose, conventional blocks (200 mm × 100 mm × 80 mm) were produced using electric arc furnace slag and municipal solid waste incineration bottom ashes as the sole binders. Portland cement and fly ash blocks were produced as references. The blocks underwent a curing regimen comprising thermal, dry, and carbonation curing stages. Control uncarbonated specimens were subjected to dry curing instead of CO2-based curing to evaluate the influence of carbonation on the blocks’ strength development. The specimens were subsequently examined following EN 1338, which is the European standard for assessing and ensuring the conformity of conventional concrete pavement blocks. The carbonated blocks revealed improved mechanical and physical properties in relation to the uncarbonated ones. All blocks met standard dimensions, showed minimal skid potential (most indicating extremely low potential for slip for reporting unpolished slip resistance values exceeding 75), and had enhanced abrasion resistance due to carbonation, showing 30% and 11% less volume loss due to abrasion for fly ash and bottom ash, respectively. Carbonated blocks performed better than non-carbonated ones, displaying lower water absorption (0.58% and 0.23% less water absorption for bottom ash and slag, respectively) and higher thermal conductivity (20%, 13%, and 8% increase in values for fly ash, slag, and bottom ash, respectively). These results confirm the effectiveness of the accelerated carbonation curing technique in improving the block’s performance. Despite the promising outcomes, further optimization of the alkaline solution and carbonation curing conditions is recommended for future research.
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1. Introduction


Since the start of the 1800s, conventional ordinary Portland cement (OPC) has played a central role as the primary binder in construction. It has acquired a notable standing due to its well-established exceptional binding capabilities, contributing substantially to the construction sector ever since [1,2]. The prominence of this binding material can be attributed to its excellent performance, which is evident in many current architectural marvels. These include suspension bridges like the Millau Viaduct, monumental dams such as the Three Gorges Dam and the Hoover Dam, as well as towering skyscrapers like the Burj Khalifa and Taipei 101. These remarkable structures collectively underscore the versatile and enduring nature of this binding material in constructing astounding infrastructures, consequently fueling an unceasing dependence driven by ongoing research that progressively unveils its properties, resulting in a rising number of applications and escalating demand [3,4]. However, OPC is not without its drawbacks, particularly in relation to the environment. In 2021, OPC production reached a staggering 4270 million metric tonnes, giving rise to approximately 2520 million metric tonnes of CO2 emissions into the atmosphere. To provide perspective, this is similar to the collective weight of approximately 5040 Burj Khalifa towers [5]. Notably, the emission quotient stands at 0.6 tonnes of CO2 for every tonne of OPC manufactured [6]. In 2021, the cement industry’s CO2 emissions constituted a significant 8% of the total global emissions produced by all industries during the same year, firmly securing its position among the top 10 contributors to CO2 generation across industries [7,8]. Additionally, over the past two decades, much research has been conducted to further reduce CO2 emissions and combat the impacts of global warming. As the OPC industry represents a substantial contributor to these emissions, cutting them down can play a significant role in supporting worldwide initiatives to address climate change.



Efforts to mitigate emissions originating from OPC production have been pursued through various techniques implemented in previous years. Research efforts have concentrated on diminishing the environmental footprint of OPC by incorporating supplementary cementitious materials (SCMs) like fly ash (FA) and blast furnace slag (BFS). These materials have gained widespread adoption as partial substitutes for OPC, as demonstrated in various studies [9,10,11,12,13,14,15,16,17]. Furthermore, extensive research has been conducted on the utilization of BFS and FA as exclusive or combined constituents in alkali-activated concrete formulations, reporting interesting findings documented in the literature [18,19,20,21,22,23,24,25,26,27,28,29,30]. This has given rise to a ground-breaking environmentally conscious research trend, as both materials are categorized as industrial by-products and are abundantly available to meet partial market requirements. However, the availability of FA and BFS is currently experiencing limitations due to the increasing adoption of renewable energy sources for power generation and the utilization of more environmentally efficient alternatives for steel production [31,32,33].



Recent research has investigated novel aluminosilicate industrial wastes, exploring their chemical composition and potential as binders. Several studies have showcased the binding prowess of materials like electric arc furnace slag (EAFS) and municipal solid waste incinerator bottom ashes (MIBAs) when used as exclusive components in alkali-activated materials (AAMs) [29,32,34,35,36,37,38,39,40,41]. Concrete incorporating these binders typically exhibits diminished mechanical strength and durability [32,35]. This is primarily attributed to the reduced presence of amorphous content in the precursors, leading to increased porosity. Consequently, the cured materials also display alterations in their microstructural composition, which further contributes to the deterioration of their mechanical properties and durability [35,37].



In light of these challenges, recent research in this field has advanced through the utilization of accelerated carbonation to enhance performance during the curing process [29]. Lamaa et al. [40] investigated the performance of FA, EAFS, MIBA, and waste glass rejects (WGR) used as sole binders in alkali-activated concrete production. Mortar-sized specimens of each precursor were subjected to a 7-day accelerated carbonation curing stage (~5 CO2; ~65 RH), yielding notable compressive strength results of 52.5 MPa, 37.0 MPa, 20.0 MPa, and 39.1 MPa for FA, EAFS, MIBA, and WGR mixes, respectively. Moreover, Casanova et al. [32] conducted a study focusing on the strength development of alkali-activated MIBA. The investigation involved subjecting the samples to a predefined curing regimen, which included a carbonation curing phase carried out at 23 ± 3 °C, 60 ± 5% RH, and 5.0 ± 0.1% CO2 concentration for durations of 28 and 91 days. Concerning the control specimens containing FA, notable findings were reported: an evident 20 MPa increase in strength was noted after a carbonation period of 28 days in comparison to those not exposed to carbonation. The FA mixes, after a 91-day CO2 curing, exhibited strength enhancements ranging between 18% and 36% when contrasted with their corresponding uncarbonated counterparts. Turning to the specimens with MIBA, a substantial surge in strength, ranging from 275% to 306%, was observed, with the highest recorded compressive strength reaching 28 MPa after 91 days of carbonation. Likewise, Avila et al. [41] detected enhanced strength development of alkali-activated FA and MIBA following exposure to accelerated carbonation under conditions of 5% CO2 over time. Remarkably, the most substantial improvements in both compressive and flexural strengths were observed in the carbonated mixes (exposed for 28 days) containing 100% MIBA. Specifically, a remarkable 140% increase in compressive strength (8.08 MPa to 19.1 MPa) was noted in comparison to their uncarbonated counterparts. Similarly, for these mixes, an increase of around 185% in flexural strength was noted after 28 days of carbonation (from 1.58 MPa to 4.50 MPa) in comparison with the same mixes that were not subjected to carbonation. As for the mixes formulated with FA as the sole precursor, a notable 30% enhancement in strength was documented following 28 days of carbonation. Additionally, in another experimental study, Kassim et al. [39] investigated alkali-activated mortars with EAFS subjected to forced carbonation for 28 days at 5 ± 0.2% CO2, 23 ± 3 °C, and 60 ± 5% RH. The outcomes were remarkable, revealing a substantial surge in compressive strength by approximately 800% (i.e., 3.9 MPa to 31 MPa) and a noteworthy flexural strength increase of around 500% (i.e., 1.6 MPa to 7.85 MPa) for materials that underwent 28 days of carbonation.



This paper intends to investigate MIBA and EAFS as alkali-activated binders to produce conventional concrete pavement blocks with the goal of replacing OPC pavement blocks currently used for constructing pedestrian pathways. For each binder, sixteen 200 mm × 100 mm × 80 mm pavement blocks were produced, of which eight were exposed to an accelerated carbonation curing regimen while the other eight remained uncarbonated. Optimization of the density and workability were employed to enhance the characteristics of the mixes, with a specific focus on attaining favourable attributes for the production of concrete pavement blocks. These were evaluated according to the standard for conventional concrete pavement blocks, EN 1338 [42]. A comparison between carbonated and uncarbonated blocks was carried out to understand the influence of accelerated carbonation curing on the mechanical performance and microstructure of the blocks. OPC and FA blocks were produced as references. This step aimed at proving the binding ability of each binder as well as the influence of the carbonation curing stage on the performance of the blocks. This experimental work represents an innovative initiative to harness novel industrial waste materials in concrete manufacturing. Additionally, it explores the viability of accelerated carbonation curing as a strategy to enhance mechanical performance. This technique has the potential to offset the decline in performance that can occur due to the replacement of OPC with less efficient alkali-activated binders. Unlike previous studies on similar binders that primarily focused on producing mortar specimens, this study uniquely emphasizes the production of industry-ready concrete pavement blocks. This approach involves a comprehensive strategy that includes optimized mix design, specialized production processes, and curing regimes specifically tailored for such specific applications.




2. Materials and Methods


2.1. Binders


In this investigation, CEM I 42.5 R was used as the benchmark binding material, as per the specifications outlined in EN 197-1 [43].



The control binding agent for the AAMs consisted of FA sourced from the power plant facilities of Energies of Portugal in Portugal. As the FA already met the stipulated particle size criteria (with an average particle size of less than 45 µm), no preliminary processing was necessary.



MIBA was procured from the waste-to-energy plant at the periphery of Lisbon, Portugal, operated by Valorsul. Prior to its use as a precursor, MIBA went through preparatory steps, namely the elimination of impurities (such as metals, paper, and plastic), desiccating at 105 °C, and the necessary comminution based on previous experience [39,40,41] to align with the typical particle size distribution needed for binders.



Concerning the EAFS, defined as a derivative of the process of steel recycling, it was sourced from a local recycling facility in Portugal. Much like the method used for MIBA, size reduction was necessary for EAFS owing to its extensive particle size distribution, aside from the presence of very coarse particles.



2.1.1. Density


The density measurements of OPC, FA, MIBA, and EAFS (in their unbound/dry conditions) were conducted using a gas pycnometer (MICROTRAC BELPycno Ver 1.14 L by Microtrac Inc., Montgomeryville, PA, USA) with helium gas at atmospheric pressure. The apparent skeletal density measurements obtained through a gas pycnometer for FA, MIBA, EAFS, and OPC were recorded as 2431 kg/m3, 2704 kg/m3, 3770 kg/m3, and 3115 kg/m3, respectively [40].




2.1.2. X-ray Fluorescence


The raw materials’ chemical composition was previously analysed by X-ray fluorescence spectrometry (XRF), using a ZSX PRIMUS IV instrument (Rigaku Co., Tokyo, Japan) operating at a 4 kW power output [40]. The study of Lamaa et al. [40] presents the raw materials’ chemical compositions as determined by XRF analysis, which will be summarized here. The combined oxides Al2O3 + Fe2O3 + SiO2 constituted 88.7%, 64.3%, 56.4%, and 26.4% of the compositions of FA, MIBA, EAFS, and OPC, respectively. Among the alkali-activated precursors, FA presented the highest amount of SiO2. Experience dictates that it is usually present in amorphous phases and thus more likely to contribute to the resulting materials’ strength development. Even though MIBA contained a reasonably high amount of SiO2, most of it may be present in crystalline form, thereby showing limited reactivity and thus mechanical performance. EAFS, on the other hand, presented a relatively low amount of SiO2, which naturally reduces the number of silicate chains resulting from the alkali-activation reaction process. Nevertheless, it does contain a relatively high amount of CaO that can actively contribute to overall performance upon carbonation. EAFS also contains a notable iron content that has magnetic attributes. The alkali-activated precursor derived from EAFS displayed magnetic properties, as evidenced by neodymium magnet testing [44]. Elevated levels of Fe(III) may prompt the formation of precipitates of iron oxide (Fe2O3). These constituents can curtail overall reactivity, limiting the variety of accessible reactive species and constraining the degree of polymerization and the formation of networks. Consequently, this may result in reduced strength and durability in alkali-activated materials.




2.1.3. X-ray Diffraction


X-ray diffraction (XRD) analyses were conducted by utilizing the Bruker D8 Discover A25 device (Bruker Co., Billerica, MA, USA) equipped with Cukα radiation (λ = 1.54050 Å, 40 kV, and 30 mA). Goniometric scans were executed from 10° to 70° (2θ) at a scanning velocity of 0.016 2θ·s−1. Diffractogram peaks were compared with those in the JCPDS library [45] to identify crystalline phases. The study of Lamaa et al. [40] showed the X-ray diffractograms of OPC, FA, EAFS, and MIBA. OPC exhibited well-defined peaks corresponding to calcium silicate oxides (Ca2SiO4) and gypsum (CaSO4·2H2O). FA’s prominent crystallographic phases included lime (CaO), quartz (SiO2), mullite (3Al2O3·2SiO2), and maghemite (Fe2O3). This observation aligns with findings reported in some studies [46,47]. Notably, a broad reflection peak spanning 15° to 35° 2θ was present, suggesting the substantial presence of amorphous phases. For EAFS, the primary crystalline phases detected were dicalcium silicate (Ca2SiO4), gehlenite (Ca2Al2SiO7), and wustite (FeO), accompanied by minor phases like magnesioferrite. In the XRD spectrum of MIBA, identified crystalline phases encompassed quartz (SiO2), calcite (CaCO3), magnetite (Fe2+Fe3+2O4), microcline (KAlSi3O8), magnesium carbonate (MgCO3), fayalite ((Fe2+)2SiO4), and other minor minerals. An observation of non-crystalline phases (with reflection peaks from 20° to 40° 2θ) was evident, primarily attributed to the waste glass fraction, albeit to a lesser extent than FA.




2.1.4. Particle Size Distribution


For the determination of particle size distribution (PSD) in each binder, a Mastersizer S analyzer (Malvern Instruments, Malvern Panalytical Ltd., Worcestershire, UK) was employed [40], utilizing ethanol as a dispersant, and subjected to 5 min of sonication before analysis. The samples of OPC, FA, and EAFS exhibited a comparable two-peaked distribution pattern. For both EAFS and OPC, the peak occurred at around 25 µm, although OPC displayed a more condensed peak in contrast to EAFS. Furthermore, these two binders revealed a reduced peak at around 0.35 µm, suggesting a notable abundance of extremely fine particles. The distribution of FA exhibited a comparable pattern, albeit with a broader distribution centred around 20 µm (peak). Similarly, FA exhibited a minor peak at 0.35 µm. On the other hand, MIBA displayed a slender peak at 39 µm, accompanied by a low peak at 0.35 µm.



Prior investigations conducted by the authors have encompassed a morphological analysis of FA, MIBA, and EAFS particles utilizing scanning electron microscopy imaging and mapping [39,48]. An examination undertaken by Kassim et al. [39] revealed that particles of EAFS exhibited non-uniform shapes with pronounced angularity. Furthermore, the morphology of MIBA and FA was scrutinized previously [48], revealing spherical characteristics for FA, while the bottom ash particles exhibited angular edges and a porous microstructure. This suggested the potential need for a greater water content to achieve the desired workability level in the case of MIBA.




2.1.5. Thermogravimetric Analysis/Differential Thermal Analysis


Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were performed using a Setaram Setys Evolution 16/18 apparatus (Setaram Instrumentation, Caluire-et-Cuire, France), employing alumina crucibles under both air and argon atmospheres. The heating rate was set at 5 °C·min−1, covering a temperature range of 20–1000 °C [40]. In the study of Lamaa et al. [40], the curves of the TGA/DTA test for all binders were portrayed. The OPC presented a typical behaviour spectrum, except for the slight mass losses at 420 °C and 600 °C. In the former, a mass loss of approximately 0.4% of portlandite occurred due to the dihydroxylation of Ca(OH)2. The slight reduction in portlandite signifies its modest hydration rate and effective preservation. Starting at 600 °C, the loss is due to the decarbonation of calcium carbonate-derived compounds. This indicates that the cement may have been more hydrated than expected, wherein the resulting Ca(OH)2 of this process may have subsequently been carbonated over time, thus justifying the relatively high amount of CaCO3.



The TGA findings for FA revealed two distinct phenomena. The first concerns mass loss initiating at 400 °C, conceivably attributed to unburned coal particles within FA (as indicated by an exothermic peak in the DTA profile). Furthermore, the endothermic peak from ~600 °C onward suggests a potential minor loss of CO2 from some carbonates.



Concerning MIBA, mass losses manifested across four phases. The initial mass reduction might have been attributed to sample dehydration (up to approximately 105 °C). Subsequent, continuous losses could be attributed to the breakdown of phosphates and organic substances. Furthermore, a weight loss of around ~650 °C could be associated with the decarbonation of magnesite and calcite.



In contrast to other binders, EAFS exhibited an increase in mass. The X-ray diffractogram of the sample following TGA analysis (subjected to temperatures up to 1000 °C) revealed this consistent mass increase. Predominantly observed at around ~400 °C and ~620 °C, this phenomenon was found to be attributed to the oxidation of wustite, initially transitioning into magnetite and subsequently into hematite.




2.1.6. Fourier-Transform Infrared Analysis


The study of Lamaa et al. [40] illustrated the results of Fourier-transform infrared analysis (FTIR) for OPC, FA, MIBA, and EAFS, the results of which are summarized here:



OPC



	o

	
1622 cm−1—O–H bending characteristic of water [49];




	o

	
1443 cm−1—asymmetric stretching vibrations of CO3 in calcite derived due to the carbonation of CaO [49];




	o

	
1141 cm−1 and 1126 cm−1—symmetrical and asymmetrical stretching vibration modes of tetrahedral SO4 groups, respectively, present in gypsum [49];




	o

	
992 cm−1 and 846 cm−1—stretching vibrations of the Si–O links within the tetrahedral SiO4 groups present in C2S [49];




	o

	
887 cm−1 and 922 cm−1—symmetrical and asymmetrical stretching vibrations of the Si–O links within the tetrahedral SiO4 groups present in C3S [49];




	o

	
712 cm−1—AlO4-tetrahedral groups present in C3A;




	o

	
660 cm−1—FeO4-tetrahedral groups in C4AF;




	o

	
660 cm−1 and 597 cm−1—asymmetrical bending vibrations of SO4 in gypsum;




	o

	
517 cm−1 and 447 cm−1—symmetric and antisymmetric bending of the O–Si–O bonds present in C3S, respectively [50].







FA



	o

	
1166 cm−1 and 1070 cm−1—Si–O–Si asymmetrical stretching vibrations attributed to mullite and quartz [51,52];




	o

	
794 cm−1 and 775 cm−1—Si–O–Si symmetrical stretching vibrations, constituting a distinctive quartz pair [52];




	o

	
669 cm−1, 547 cm−1 and 459 cm−1—O–Al–O vibrations associated with the presence of mullite [49].







EAFS



	o

	
1634 cm−1—O–H bending of water;




	o

	
1425 cm−1—asymmetric stretching of CO32− [49];




	o

	
975 cm−1, 914 cm−1, 889 cm−1, and 850 cm−1—elongation of Si–O bonds within tetrahedral SiO4 groups [50,53];




	o

	
712 cm−1—AlO4-tetrahedral groups in C3A;




	o

	
660 cm−1—FeO4-tetrahedral groups;




	o

	
517 cm−1—O–Si–O bonds [50].







MIBA



	o

	
1629 cm−1—O–H bond vibrations (water);




	o

	
1427 cm−1, 874 cm−1, and 713 cm−1—CO32− vibrations [54];




	o

	
1160 cm−1 and 1060 cm−1—asymmetrical stretching of Si–O–Si linked to quartz;




	o

	
790 cm−1 and 775 cm−1—symmetrical stretching of the Si–O–Si bonds characteristic of a quartz doublet;




	o

	
551 cm−1 and 463 cm−1—Si–O vibrations of quartz [52].









2.2. Aggregates


Within this study, two distinct categories of aggregate were incorporated: siliceous sand and calcareous gravel. Regarding the sands, 0/2 fine sand and 0/4 coarse sand were employed, following the specifications outlined in standard EN 12620 [55]. The sand gravel, characterized by its calcareous nature, exhibited a particle size ranging from 2 mm to 5.6 mm. Prior to their integration, all aggregates underwent drying at 105 °C.




2.3. Alkaline Activator


The alkali activator employed was a liquid mixture created with sodium hydroxide (NaOH), sodium silicate solution (Na2SiO3), and water. Sodium hydroxide pellets of high purity, possessing a solid-state composition of 98% purity and a density of 2.13 g/mL, were used. Additionally, a sodium metasilicate solution of the same grade was incorporated, characterized by a silicon oxide (SiO2) content of 26.4 ± 1.5%, a sodium oxide (Na2O) content of 8 ± 0.6%, a SiO2/Na2O ratio of 3.3 ± 0.1, a water content of 65.6 ± 2%, and a density of 1.355 g/mL. The sodium hydroxide was dissolved in tap water sourced from EPAL, a national Portuguese water company, as per the specifications of Directive 98/83/CE [56].




2.4. Admixtures


SikaPlast-717, categorized as a naphthalene-based superplasticizer, played the role of a water-reducing admixture (WRA) in the study. This particular admixture is formulated with synthetic organic water-based dispersants, embodying a density of 1.21 ± 0.03 g/mL and maintaining a pH level of 10 ± 1.



A setting time retarder was considered necessary and thus incorporated. Sodium tetraborate decahydrate (with 37% B2O3), also commonly known as borax, was dissolved within the alkaline solution in all formulations.




2.5. Testing Methods


The cohesion of the recently prepared mixtures was assessed following the specifications provided in EN 1015-3 [57]. The Proctor compaction test [58] was used to determine the optimal water content to achieve maximum dry density. The blocks were tested following the standard for conventional concrete pavement blocks [42] as follows (Figure 1):



	(a)

	
Visual aspect, shape, and dimensions—EN 1338 [42] was used to inspect the visual aspect, shape, and dimensions of the blocks. This testing procedure involved conducting a meticulous visual examination of all blocks to ensure their uniformity, consistent texture and dimensions, flatness of their surfaces, and absence of any flaws;




	(b)

	
Slip/skid resistance—The unpolished slip resistance value (USRV) of the specimen was measured using pendulum friction test equipment to assess its frictional properties on the upper face, following the guidelines outlined in EN 1338 [42]. During this test, the pendulum friction test equipment featured a spring-loaded slider made of standard rubber, which was affixed to the end of the pendulum. By swinging the pendulum, the reduction in the height of the swing, as measured by a calibrated scale, was used to determine the frictional force between the slider and the test surface;




	(c)

	
Compressive and splitting tensile strengths—The determination of the splitting tensile strength was carried out following the guidelines of EN 1338 [42]. During this test, a compressive load was applied to two strips in contact with the longest length of the block (one positioned at the bottom and another at the top). The load was applied gradually until the block experienced failure and split into two halves. While the blocks were not required to undergo a compressive strength test as per the standard, this test was included to evaluate their ability to withstand compression forces. The blocks were subjected to a compressive load using the same method employed for the splitting tensile load, albeit without the utilization of strips;




	(d)

	
Abrasion resistance—The abrasion resistance of the blocks was determined through the Böhme test, in accordance with the standard EN 1338 [42]. During this test, square slab samples extracted from the blocks were positioned on the Böhme disc abrader. The test track of the abrader was coated with standard abrasive material. Subsequently, the disc was rotated, and the specimens were subjected to an abrasive load for a specified number of cycles;




	(e)

	
Total water absorption—The total water absorption was determined in accordance with standard EN 1338 [42] by assessing the percentage of mass loss of a specimen after it was soaked in water and subsequently dried in an oven at 105 ± 5 °C;




	(f)

	
Thermal conductivity—The thermal conductivity of the blocks was determined using the ISOMET 2114 device from Applied Precision Ltd. (Berkshire, UK).








2.6. Optimization of Mixes Production and Method


2.6.1. Optimization of the Mix Density


The initial phase of the work involved conducting preliminary trials to ascertain the ideal water-to-binder (w/b) ratio for producing conventional concrete pavement blocks with optimal compaction, cohesion, and workability. To achieve this, a modified Proctor compaction test [58], commonly employed in soil mechanics, was used to determine the optimal water content to achieve maximum dry density. The results obtained from this test facilitated the creation of a graph illustrating the relationship between the w/b ratio and the dry bulk density.



For this stage, all binders, including OPC, FA, MIBA, and EAFS, were tested. A range of w/b ratios (0.25, 0.30, 0.35, 0.40, and 0.45) was used to produce five mixes (volume of 1.3 L each) per binder, each with a different water content. Subsequently, these mixes underwent the Proctor test procedure [58], performed in accordance with the LNEC E 197 [59] standard. The test procedure was modified to suit the characteristics of the studied mixes since the original test was developed for compacting soil. The test involved introducing each mix into a cylindrical metal mould in three layers and compacting each layer using a drop hammer with a predetermined number of blows. Finally, the dry density (dry unit weight) of the compacted material was determined through mass measurement by following the equation (Equation (1)) defined by the standard:


    γ   d   =   W −   W   m     ( 1 + w ) × V    



(1)




where:




	
γd = dry density of the material (kg);



	
W = weight of the mould filled with the mix (kg);



	
Wm = weight of the mould (kg);



	
w = water content of the material (%);



	
V = volume of the mould (0.956 L).








The composition of the mixes (in kg/m3) is shown in Table 1. For alkali-activated binders, the Na2O/precursor percentage chosen was 10%, while the SiO2/Na2O mass ratio was set at 1.0. In response to initial trials indicating a tendency for rapid setting, particularly in mixes involving FA, a 4% mass proportion of setting retarder was incorporated and dissolved in the alkaline solution for all alkali-activated mixes.




2.6.2. Optimization of the Compaction Method


As a preliminary stage, an optimum compaction method to produce full-scale pavement blocks (200 mm × 100 mm × 80 mm) was defined. Trial tests were performed to determine a standard reproducible method that could be adopted to guarantee the uniformity and homogeneity of the produced blocks. As the blocks would be hand-moulded, three variables were considered: (i) the number of layers to fill the mould; (ii) the manual procedure to compact each layer; and (iii) the procedure for mechanical compaction (using a hydraulic press) once the mould is filled. After preliminary trials, the following production method was established:




	(i)

	
Number of layers: two layers were added and manually compacted (about half the height of the block and between half the height of the block and the upper edge of the mould), followed by another (last and thinner) layer up to the edge of the mould not manually compacted;




	(ii)

	
Manual compaction: 20 strokes (hand-tamping) were applied to each layer using a hand tamper and distributed across the surface;




	(iii)

	
Mechanical compaction: After performing the manual compaction, the upper plate of the mould (Figure 2a) is placed on top of the remaining mould. At this stage, the upper plate is still not in contact with the remaining mould. The mould is then placed under the hydraulic press (Figure 2b) and compacted with an average force of 150 kN, the value when the compaction is completed (i.e., when the upper plate of the mould is in contact with the remaining mould).











2.7. Production, Curing, and Testing


2.7.1. Part 1—Definition of a Unified Mix Design for All Binders


After determining the optimum water content for each binder that ensures adequate workability and compactability of the blocks, a common effective w/b ratio of 0.25 was chosen based on the results obtained for the highest dry unit weight (density) while maintaining a low water content to produce pavement blocks with MIBA and EAFS as sole precursors, as well as FA and OPC ones as reference samples. All mixes were produced with an extra amount of water added to compensate for the aggregates’ water absorption of ~1% (total w/b ratio of ~0.3). In addition, the blocks were subjected to an identical curing regimen comprising thermal, dry, and carbonation curing stages. To assess the influence of carbonation on the strength development of the blocks, a variation of the described curing process was also investigated, in which the final carbonation curing period was replaced by the same period but with dry curing. The carbonated and uncarbonated blocks were tested for their performance in accordance with the standard of conventional concrete pavement blocks [42]. The blocks were visually inspected first and then tested for compressive and splitting tensile strengths, slip/skid resistance, abrasion resistance, total water absorption, and thermal conductivity. Keeping the same mix design and curing process for all blocks of different binders allowed direct results comparison.



For each binder, 16 blocks were produced, of which eight were carbonated. For each block, a 2 L mix was prepared. The mixes’ compositions (in kg/m3) are shown in Table 2. For alkali-activated binders, the Na2O/precursor percentage chosen was 10%, while the SiO2/Na2O ratio was 1.0. As preliminary trials showed flash setting, especially in the FA mixes, a 4% mass proportion of setting retarder was incorporated and dissolved in the alkaline solution for all alkali-activated mixtures. Moreover, to attain the necessary consistency (slump flow of 105 ± 5 mm), a 2% WRA was introduced to all mixes.



The moulding process started immediately after preparing each mix following the predefined procedure mentioned earlier. Once the moulding process of the blocks was finished, the AAM blocks were immediately extruded and subjected to thermal curing in a thermal chamber for 24 h at 70 °C. In the case of OPC blocks, these were transported to the dry curing chamber immediately after production. After this stage, eight blocks of each family were subjected only to dry curing and placed in a chamber with 65 ± 10% RH and 23 ± 2 °C for 28 days. The other eight blocks were subjected to dry curing, under the same above-stated conditions, for 21 days, followed by 7 days in a carbonation chamber at 5% CO2, 23 ± 2 °C, and 60 ± 10% RH (Table 3). Following the curing process, the specimens (carbonated versus uncarbonated) were subjected to testing in accordance with the standard [42] (Table 4).




2.7.2. Part 2—Definition of an Optimized Mix Design for Each Binder


Based on the results obtained in Part 1, a new experimental campaign similar to the previous one was then carried out with optimized mix design, curing regime, and testing procedures. The resulting blocks’ performance was re-evaluated in accordance with the standard for conventional concrete pavement blocks, EN 1338 [42].



In terms of mix design, in this part of the experimental campaign, the optimal water content for each binder was used based on previously reported results (Section 2.6.1) as a step to achieve maximized performance, improved workability, and compactness results. The mix composition and w/b ratio for each binder are shown in Table 5. For alkali-activated binders, the Na2O/precursor percentage was kept at 10% and the SiO2/Na2O ratio at 1.0. The same amount of setting retarder was used for all alkaline solutions. Moreover, a 1.5% WRA was added to OPC and MIBA mixes, while only 1% was added to EAFS mixes. No WRA was added to FA mixes. The mixes were moulded following the procedure previously described (Section 2.6.2), then demoulded and cured. The same curing regime as that defined in the previous part of the experimental campaign was implemented for FA, MIBA, and EAFS blocks (Table 3). However, for the OPC blocks, the thermal curing stage was replaced by a wet curing stage (Figure 3). To that end, right after demoulding, the OPC blocks were consistently water-sprayed on all sides three times a day over three days, then transported to the dry chamber and afterwards to the carbonation chamber (8 specimens only for carbonation).



As planned, all blocks were tested afterwards, following the testing procedures previously described. It should be noted that, during the previous part of the experimental campaign (Part 1), it was observed that the steel surfaces of the hydraulic press plates did not fully cover the block surface as intended. This discrepancy was attributed to irregularities in the surface of the blocks resulting from the production process. Consequently, the metal plates, which were designed to make even contact with the entire block surface, only made contact with the “highest” point/area of the uneven surface. To address this issue and ensure consistent and uniform contact between the block and the hydraulic press plates, in this part of the campaign (Part 2), a layer of gypsum was applied to both the upper and lower surfaces of the blocks prior to testing. This gypsum layer served to create a smooth and levelled surface, facilitating proper alignment and contact between the hydraulic press plates and the block during the compressive and splitting tensile strength testing. By implementing this solution, the potential impact of uneven block surfaces on the mechanical strength test results was minimized, ensuring more reliable and accurate data for analysis and interpretation (Figure 4).






3. Results


3.1. Fresh-State Performance—Optimum Mix Design


After compacting each mix, the mass of the compacted material and the dry bulk density γd (kg/m3) were calculated (Figure 5). The optimum water content for each binder is the one that corresponds to the highest dry density. It is found that, in general, mixes from each binder showed a decrease in density with the increase in w/b ratio, with a w/b ratio of 0.25 leading to the highest dry density and a w/b ratio of 0.45 resulting in the lowest.



For FA mixes, samples with a w/b ratio of 0.25 showed the highest density with a value of 1835 kg/m3, while values of 1777 kg/m3, 1696 kg/m3, 1615 kg/m3, and 1593 kg/m3 were reported for mixes with w/b ratios of 0.30, 0.35, 0.40, and 0.45, respectively.



For OPC, the density of the 0.25 mix was 1764 kg/m3, which decreased to 1666 kg/m3 at 0.35; however, it increased to 1677 kg/m3 for the mix with w/b 0.40 and then decreased again to 1604 kg/m3 for the 0.45 mix.



Concerning EAFS, similarly to FA, it showed a steady decrease in dry density with the increase in water content, with 1783 kg/m3, 1776 kg/m3, 1731 kg/m3, 1689 kg/m3, and 1618 kg/m3 for w/b ratios of 0.25, 0.30, 0.35, 0.40, and 0.45, respectively.



Moreover, the density of MIBA mixes decreased with increasing water content; however, no values were reported for w/b 0.40 and 0.45 due to the observed volume expansion (Figure 6) caused by the release of hydrogen gas generated by the reaction of the metallic aluminium present in MIBA, with the alkaline solution. Other studies have reported similar behaviour [41,48,60].



The decrease in density with the increase in w/b ratio for all binders can be explained by the increased mix’s water content, which has a lower density than the other components it is replacing. With the increase in the proportion of water in the mix, it functions as a lubricant, reducing inter-particle friction and promoting particle separation during compaction. This can prevent a proper arrangement of binder and aggregates, thus leading to reduced overall density and materials with lower cohesion. Furthermore, while an increase in water content may initially create the appearance of higher mix density by filling the pores of the fresh mix, it also leads to the replacement of binders with greater density when the water proportion in the mix rises, leading to a lower bulk density.




3.2. Part 1—Defining a Unified Mix Design for All Binders


3.2.1. Visual Aspect, Shape, and Dimensions


Figure 7 displays the results obtained from the inspection of the specimens’ dimensions. Except for FA mixes, all specimens exhibited similar sizes, with length, width, and thickness slightly surpassing 200 mm, 100 mm, and 80 mm, respectively. Although a few of these values exceeded the initial expectations, they generally remained within the limits specified by standard EN 1338 [42] (with tolerances of ±2 mm for length and width and ±3 mm for thickness). This divergence in dimensions can be attributed to the suboptimal extraction process of the specimens from the steel mould. The use of an industrialized process with appropriate moulds and extraction apparatus is likely to minimize such variations. Conversely, FA mixes displayed significant variability. The FA blocks, upon extraction, demonstrated a degree of slump, evident in the lower thickness (Figure 7c) and increased length and width values (Figure 7a,b). These results indicate a higher than necessary water content, despite the reasonably low w/b ratio of 0.25. This highlights the need to reduce the water content to improve the dimensional stability of the FA blocks.




3.2.2. Slip/Skid Resistance


Figure 8 shows the USRV results of the blocks measured using pendulum friction test equipment. The pendulum measurements gave minimum and maximum values of 60 and 85.5, respectively.



OPC specimens exhibited values of 82.5 and 88.5 for carbonated and uncarbonated specimens, respectively, indicating a high level of roughness. In turn, the carbonated and uncarbonated specimens of MIBA showed values of 79 and 84.5, respectively, indicative of a decent surface roughness. Similarly, the EAFS blocks proved to be adequate for pavement block production after reporting values over 80 for both carbonated and uncarbonated specimens. Moreover, the FA blocks showed the lowest slip resistance, with values of 60 and 70.5 for carbonated and uncarbonated specimens, respectively.



OPC, MIBA, and EAFS specimens showed results exceeding 75, which, according to the standard [42], are classified as having an extremely low potential for slip. This characteristic proves these blocks are well-suited for pedestrian sidewalks, offering sufficient roughness to reduce skidding and thereby enhancing safety. Additionally, when compared to conventional natural stones typically used for pedestrian sidewalks, the MIBA and EAFS pavement blocks show comparability in providing adequate roughness, contributing to improved safety measures. FA specimens, despite having the lowest slip resistance results, can be classified as having a low slip potential, showing pendulum test values ranging between 40 and 74.



The accelerated carbonation curing stage showed minimal impact on the surface roughness. The differences between the carbonated and uncarbonated specimens are insignificant and were likely caused by the production process.




3.2.3. Splitting Tensile and Compressive Strengths


The results of the splitting tensile and compressive strength tests carried out according to EN 1338 [42] are represented in Figure 9 and Figure 10, respectively.



The carbonated FA blocks showed the highest splitting tensile strength after reporting 4.85 MPa and 5.55 MPa for uncarbonated and carbonated specimens (Figure 9), respectively, exceeding the minimum value set by the standard for conventional concrete pavement blocks (3.6 MPa). Similarly, an increase in compressive strength was noticed for carbonated FA blocks compared to the uncarbonated ones, indicating 73.8 MPa for the former and 68.4 MPa for the latter (Figure 10). The improved performance observed for FA blocks can be attributed to the presence of highly reactive amorphous aluminosilicate phases when exposed to an alkaline environment. These phases undergo dissolution and subsequent coagulation, forming sodium aluminosilicate hydrate (N-A-S-H) phases, primarily in the form of Si-O-Si bridges given the high amount of silica in the raw materials. The formation of these chains contributes to overall strength development [61]. In addition to the presence of amorphous phases, the SiO2/Na2O ratio plays a crucial role in strength development. By maintaining a SiO2/Na2O ratio of 1.0, which was determined through a previous optimization stage, additional Si4+ species are generated from the sodium silicate. These species contribute to the formation of further strength-enhancing phases.



Unexpectedly, the OPC blocks showed relatively low values of splitting tensile strength: 2.20 MPa and 2.75 MPa for uncarbonated and carbonated blocks, respectively. In terms of compressive strength, the carbonated and uncarbonated OPC specimens indicated close results (21.6 MPa and 21.8 MPa, respectively). This poor performance is directly linked to the low w/b ratio (0.25) used for all mixes, including those of OPC. As a result, the OPC mix was visibly dry. In addition, no wet curing was used at this stage to homogenize the curing process for all blocks and thus facilitate the comparison of results. Thus, the OPC blocks failed to meet the standard due to incomplete hydration.



The MIBA blocks showed insignificant microstructural improvements after carbonation. Carbonated specimens presented values of 21.9 MPa and 1.27 MPa, while uncarbonated specimens reported 20.5 MPa and 1.26 MPa of compressive and splitting tensile strengths, respectively.



The EAFS blocks showed the lowest performance among the binders. 12.9 MPa and 9.20 MPa were the compressive strengths reported for carbonated and uncarbonated specimens, respectively, while 0.96 MPa and 0.65 MPa were recorded as the splitting tensile strengths for carbonated and uncarbonated EAFS samples, respectively. Despite showing slight improvement in performance after carbonation, the EAFS blocks failed to meet the minimum strengths set by the standard.



Although they demonstrate binding abilities in alkali activation settings, the mechanical performance of MIBA and EAFS blocks falls short of that achieved by FA blocks. This disparity can be attributed to the lower number of amorphous phases present in MIBA and EAFS when compared to those in FA. Consequently, the formation of strength-enhancing C-(N)-A-S-H phases is less pronounced in these materials. Furthermore, MIBA contains notable amounts of metallic aluminium from several sources, such as bottle caps, cans, and aluminium foil. This metallic aluminium undergoes oxidation upon contact with the alkaline solution, resulting in the release of hydrogen gas (H2) during the plastic state of the mixture. The evolution of gas leads to the formation of entrained gas pockets and increased porosity in the resulting specimens. Consequently, the specimens exhibit protuberances and are larger than expected, as indicated in Figure 7.



In summary, the superior performance observed in FA blocks can be attributed to the abundance of amorphous phases and the generation of strength-enhancing N-A-S-H phases. In contrast, MIBA and EAFS blocks exhibit lower amorphous phase content and, in the case of the former, face challenges related to the presence of metallic aluminium, which results in an expansive reaction and increased porosity in the final specimens.



Regarding the impact of the accelerated carbonation curing stage, although of low significance, a positive effect was observed for all binders. The presence of CO2 in a microstructure, characterized by a moderate mechanical performance and an adequate porosity level, can trigger the decalcification of calcium-bearing phases (both Si-based and others). This decalcification process results in the precipitation of carbonates within adjacent voids and potentially leads to the formation of amorphous Si gel, which in turn can contribute to the development of larger polymer chains and thus to improved performance [62].



Nevertheless, in contrast with previous studies where notable improvements were observed after carbonation, the MIBA blocks in this particular investigation showed negligible differences. This can be attributed to the use of larger specimens, which necessitate significantly more time to achieve comparable levels of carbonation under the same conditions (atmospheric pressure, 5% CO2, and 60% relative humidity). In fact, when applying a phenolphthalein solution to the fractured surfaces of the blocks after a 7-day carbonation period, the predominantly pinkish colour indicated a minimal reduction in pH levels during this timeframe. This stands in contrast to observations from previous studies [32,39,41,63], implying a relatively slower rate of carbonation (in this case) within the given period.




3.2.4. Abrasion Resistance


The volume losses due to abrasion obtained using the Böhme test apparatus are illustrated in Figure 11. Firstly, comparing the average volume loss between uncarbonated (OPC-U, FA-U, and MIBA-U) and carbonated (OPC-C, FA-C, and MIBA-C) specimens provided contradictory information as the accelerated carbonation curing appears to have varying effects on each binder. For instance, for OPC blocks, the carbonated specimens showed a higher average volume loss (52 cm3) than the uncarbonated ones (39 cm3), indicating a potential reduction in abrasion resistance due to accelerated carbonation.



In contrast, for FA blocks, the carbonated specimens exhibited lower average volume loss values (10 cm3) than the uncarbonated ones (14 cm3), suggesting that accelerated carbonation of the FA blocks improved their resistance to abrasion. Similarly, for MIBA blocks, the average volume loss of the carbonated specimens (58 cm3) was lower than that of the uncarbonated specimens (65 cm3), indicating a possible positive impact of accelerated carbonation on the abrasion resistance of MIBA blocks. Similar cases of microstructural performance enhancement for alkali-activated MIBA exposed to induced carbonation curing were reported in other studies from the literature [32,41].



It is worth noting that the uncarbonated EAFS specimen failed during the test, while the carbonated counterpart did not. This outlier represents an important observation, highlighting the impact of accelerated carbonation on the EAFS blocks’ microstructural performance. Similar behaviour related to microstructural improvements was reported by other studies, reinforcing the positive influence of accelerated CO2 curing on the mechanical performance of alkali-activated slag [39,64]. However, further investigation is necessary to understand the reasons behind this observation. In addition to volume loss analysis, investigating the microstructural differences between uncarbonated and carbonated specimens, as well as variations among different binders, can provide insight into the underlying mechanisms affecting abrasion resistance.



Based on the classification outlined in the standard, it is evident that the FA specimens, whether carbonated or uncarbonated, successfully fulfilled the criteria for class 4 (Marking I). Consequently, these specimens are deemed suitable for application as pavement blocks in areas characterized by substantial pedestrian and vehicular traffic. Conversely, the OPC, MIBA, and EAFS blocks are classified in the lowest category (class 1-Marking F) for concrete pavement blocks, making them appropriate solely for lighter pedestrian and vehicular usage scenarios such as gardens.




3.2.5. Total Water Absorption


Figure 12 presents the total water absorption by percentage of (dry) mass for all binders, for both carbonated and uncarbonated specimens.



As expected, FA’s dense microstructure showed the lowest average water absorption of all the tested blocks: 2.88% and 3.31% for uncarbonated and carbonated specimens, respectively. The results indicated that the carbonation did not lead to improvements in the microstructure of FA. However, the FA blocks met the standard after presenting water absorption values lower than 6% (the maximum limit set by EN 1338 [42]) and can be classified as class 2 (Marking B) and therefore suitable for paving block use. The OPC specimens reported average values of 6.88% and 5.99% for uncarbonated and carbonated blocks, respectively. After carbonation, the OPC specimen met the standard for pavement blocks, whereas the uncarbonated one did not, thus highlighting the impact of forced carbonation on the formation of a denser microstructure for this binder. Similarly, the average water absorption was 7.64% and 7.06% for uncarbonated and carbonated MIBA specimens, respectively, suggesting a decrease in porosity owing to carbonation. However, the same was not observed for EAFS blocks, which presented the highest average water absorption for the carbonated specimen (7.79%), but a lower absorption for the uncarbonated block (6.51%).




3.2.6. Thermal Conductivity


Figure 13 presents the thermal conductivity results. The uncarbonated OPC and FA specimens reported the highest thermal conductivity of 1.53 W/(m·K) and 1.52 W/(m·K), respectively, followed by the carbonated ones reporting 1.49 W/(m·K) and 1.44 W/(m·K) for OPC-C and FA-C, respectively. As expected, MIBA blocks showed lower thermal conductivity results of 1.09 W/(m·K) and 1.03 W/(m·K) for uncarbonated and carbonated blocks, respectively. The lowest thermal conductivity results were seen for EAFS blocks, with 0.94 W/(m·K) and 0.91 W/(m·K) for EAFS-U and EAFS-C, respectively.



The difference between the carbonated and uncarbonated specimens of all binders was insignificant, and thus comparing the effects of carbonation for this test may be inconclusive. The results demonstrate that OPC and FA specimens possess higher thermal conductivity due to their denser microstructures. On the other hand, MIBA and EAFS blocks exhibited lower thermal conductivity values, indicating a comparatively higher porosity level. However, it is important to note that the influence of other factors and properties on the overall thermal performance of the pavement blocks should be considered for a comprehensive analysis.





3.3. Part 2—Defining an Optimized Mixed Design for Each Binder


3.3.1. Visual Aspect, Shape, and Dimensions


Figure 14 shows the block dimensions obtained after inspection. Despite increasing the water content for OPC, MIBA, and EAFS mixes, they presented acceptable dimensions again, ranging within the limits defined by the standard EN 1338 [42]. However, this was not the case for FA, despite keeping the w/b at 0.25. FA blocks showed significant dimensional changes after demoulding, mainly settlement due to self-weight. This settlement can be seen in Figure 14c, which represents the thickness of the blocks. As a recommendation, the water content for FA needs to be reduced (e.g., w/b 0.22) to reduce the workability of the mixes. Further optimizations need to be made to achieve reduced workability without affecting cohesion, thus avoiding the behaviour reported during this part of the experimental campaign.




3.3.2. Slip/Skid Resistance


The USRV results determined using the pendulum friction test equipment are presented in Figure 15. A reduction in the slip/skid resistance can be observed when compared to the previous part of the experimental campaign (Part 1). The reason behind this is the increase in the water content for OPC, MIBA, and EAFS mixes, which increased the smoothness of the blocks’ top surface. Nevertheless, the results still lie within an acceptable range (low to extremely low slipping potential) according to the standard [42]. The OPC-C, FA-U, and MIBA-U USRV results exceeded 75 and were classified as having an extremely low potential for slipping. Moreover, the remaining specimens showed USRV results ranging between 40 and 74, indicating a low potential for slipping. Therefore, all blocks showed acceptable slip/skid results and are suitable to be used as pavement blocks.



The differences between the carbonated and uncarbonated specimens did not follow any given trend, and they were mainly caused by the production process. Again, the carbonation curing stage did not influence the surface roughness of the blocks.




3.3.3. Splitting Tensile and Compressive Strengths


The splitting tensile and compressive strength results are shown in Figure 16 and Figure 17, respectively. Again, the FA blocks showed the highest performance, exceeding a value of 11 MPa for the splitting tensile strength and an 80 MPa compressive strength for the uncarbonated blocks. A considerably lower splitting tensile strength value was reported for the carbonated FA specimens. However, this phenomenon did not extend to the compressive strength results, which yielded a value of 77.8 MPa. This finding suggests that the deformation previously reported in FA blocks had an impact on their performance during the testing process. Despite keeping the same w/b ratio for the FA mixes, a significant strength increase (~10 MPa increase in compressive strength for FA-U) was seen in comparison with the previous part of the experimental campaign (Part 1), where no adjustments to the block surface levels had been made, thus demonstrating the importance of such a step for more reliable results.



Furthermore, the increase in the w/b ratio, the addition of a wet curing stage, and the adjustment of the surface levels significantly increased the performance of OPC blocks. The splitting tensile strength values almost doubled, being 4.1 MPa and 4.9 MPa for uncarbonated and carbonated OPC specimens, respectively, compared to 2.20 MPa and 2.75 MPa reported in the previous part of the experimental campaign (Part 1). For the compressive strength, the values obtained for OPC-U and OPC-C specimens were 58.6 MPa and 62.7 MPa, respectively, compared to only 21.8 MPa and 21.61 MPa reported in the previous part of the campaign (Part 1) when a lower water content was used.



Both FA and OPC specimens met the standard for concrete pavement blocks after exhibiting splitting tensile strength values higher than 3.6 MPa [42].



Regarding the MIBA specimens, low compressive and splitting tensile strength results were obtained due to the excessive formation of hydrogen gas resulting from the reaction between the aluminium content and the alkaline solution. This reaction led to increased porosity and microstructural disturbances within the MIBA blocks. Moreover, the EAFS showed improvements in compressive strength results, as 17.8 MPa and 19.4 MPa were obtained for EAFS-U and EAFS-C, respectively. However, the splitting tensile strength results revealed insignificant improvements compared to the results from the previous part of the campaign (Part 1), i.e., 1.3 MPa and 1.2 MPa for EAFS-U and EAFS-C, respectively. Other studies have also reported a negative influence of accelerated carbonation curing on the mechanical performance of alkali-activated slag [65,66,67]. One possible reason could be the need for further optimization, mainly due to the factors influencing the carbonation curing method such as temperature, CO2 percentage, pressure, relative humidity, and curing duration. Furthermore, the ongoing precipitation of calcium and sodium carbonates in the few existing voids of dense microstructures leads to slight expansion, which causes microcracking and thus decreased mechanical performance. This effect may worsen as a result of the decalcification of structural phases such as C-(A-)S-H.



Again, very small changes in strength were caused by carbonation curing, prompting the need for more optimized carbonation curing conditions for both MIBA and EAFS.




3.3.4. Abrasion Resistance


The average mass loss due to abrasion for each binder obtained using the Böhme test apparatus is presented in Figure 18. For OPC blocks, the carbonated specimens showed higher resistance to abrasion (37 g loss) compared to the uncarbonated ones (43 g loss). This contrasts with what was reported in the previous part of the campaign (Part 1), where the carbonated OPC specimens unexpectedly showed lower resistance to abrasion compared to the uncarbonated ones.



FA-C blocks showed similar resistance to abrasion (18 g loss) to FA-U (19 g loss), unlike what was reported previously, where the carbonated FA block showed higher resistance to abrasion compared to the uncarbonated specimen.



Moreover, unlike the improvement in abrasion resistance shown by the MIBA-C blocks compared to the MIBA-U blocks, in this part of the campaign, the opposite was seen where the carbonated MIBA blocks showed slightly lower resistance to abrasion after losing an average of 76 g, compared to 70 g for the uncarbonated MIBA specimens.



As for EAFS blocks, the carbonated specimen showed the highest loss in weight and thus the lowest resistance to abrasion. However, the EAFS-U blocks failed again while testing, similar to what happened previously in Part 1 when a lower water content was used in the mix.




3.3.5. Total Water Absorption


The total water absorption by percentage of (dry) mass for carbonated and uncarbonated OPC, FA, MIBA, and EAFS blocks is presented in Figure 19. FA-U and FA-C blocks showed very close values of water absorption (3.53% and 3.52%, respectively) and were comparable to the results reported in the previous part of the experimental campaign (Part 1), where 2.88% and 3.31% were obtained for FA-U and FA-C blocks, respectively.



Significant improvements were observed for OPC blocks, which displayed water absorption values of 4.26% (OPC-U) and 3.98% (OPC-C) in Part 2 of the campaign but 6.88% and 6.00% in Part 1 (when a w/b ratio of 0.25 was used).



As abovementioned, the increase in water content for MIBA mixes trapped the hydrogen gas released by the reaction of aluminium content with the alkaline solution, increasing the porosity and thus the water absorption of the MIBA blocks. Consequently, these specimens showed an increase in water absorption in this part of the campaign (8.32% and 9.53% for MIBA-U and MIBA-C, respectively), when compared to the values reported previously (7.64% and 7.06%).



Furthermore, comparable results (7.16% and 6.93% for EAFS-U and EAFS-C, respectively) to those obtained previously for a w/b ratio of 0.25 (6.51% and 7.79%) were obtained for EAFS blocks.



Inconclusive changes were caused by accelerated carbonation curing for any of the binders.




3.3.6. Thermal Conductivity


Figure 20 shows the thermal conductivity results of the carbonated and uncarbonated specimens for all binders. OPC-U and FA-C blocks displayed the highest thermal conductivity values (1.42 W/(m·K) and 1.39 W/(m·K), respectively). In turn, OPC-C and FA-U blocks presented lower thermal conductivity values (1.12 W/(m·K) and 1.10 W/(m·K), respectively), which suggests the presence of a higher porosity compared to OPC-U and FA-C, respectively. Furthermore, the carbonated MIBA block exhibited a higher thermal conductivity (0.76 W/(m·K)) than the MIBA-U one (0.70 W/(m·K)), indicating a denser microstructure. Similarly, the carbonated block of EAFS showed a higher thermal conductivity (0.92 W/(m·K)) than its uncarbonated counterpart (0.80 W/(m·K)).



FA, MIBA, and EAFS blocks presented increased thermal conductivity performance/value after exposure to accelerated carbonation (unlike the results reported in Part 1 of the campaign, where the opposite phenomenon was reported for all binders), proving the positive influence of this curing stage on the microstructure of the aforementioned alkali-activated binders.






4. Conclusions and Recommendations


This study aimed at understanding the technical viability of using alkali-activated aluminosilicate industrial wastes to produce concrete pavement blocks according to European standards, in an attempt to fully replace ordinary Portland cement.



Preliminary fresh-state trials were conducted to identify the optimal water content for each binder, ensuring acceptable workability, compactability, and cohesiveness for pavement block production. A modified Proctor compaction test revealed that density decreased with increasing water-to-binder ratios. Binders with the lowest water content exhibited the highest density, with fly ash showing the highest values at a water-to-binder ratio of 0.25. The choice of water influences mix workability, compactability, and density, highlighting the importance of selecting the appropriate water-to-binder ratio for various applications.



Two parts of an experimental campaign were conducted to compare carbonated and uncarbonated blocks and demonstrate the effect of a forced carbonation process on the performance of an alkali-activated binder. In the first part, water content and curing conditions were standardized across all binders, including Portland cement, to ensure a reliable comparison. While accelerated carbonation curing improved the performance of most alkali-activated blocks, some cases, particularly with fly ash, exhibited micro-cracks and reduced mechanical performance due to limited space for the precipitation of calcium or sodium carbonates.



Despite expectations, the results of the first part did not show significant changes in performance after carbonation, especially in terms of compressive and splitting tensile strengths. This discrepancy was likely due to the fixed water content used for all binders, disregarding variations in chemical composition and the importance of an optimized water-to-binder ratio for each. Furthermore, using the same curing regime for Portland cement and alkali-activated materials resulted in underperforming results for cement mixes, highlighting the need for tailored curing stages considering each binder’s hydration conditions.



The second part of the campaign aimed at enhancing the accuracy of results by addressing previous findings. Optimized water content for each binder mix was adopted to improve workability, compactability, and performance, ensuring an adequate microstructure to check the influence of carbonation. Additionally, thermal curing for alkali-activated binders was replaced with wet curing for Portland cement blocks, meeting conventional hydration requirements. Adjustments to the splitting tensile and compressive strength tests were made to ensure reliable results.



Results from the second part showed significant performance improvements, especially for Portland cement blocks, with compressive strength comparable to fly ash-based blocks. However, despite carbonation-related enhancements, the electric arc furnace slag and municipal solid waste incinerator bottom ash binders did not meet minimum standard requirements for concrete pavement blocks in terms of splitting tensile and compressive strengths.



These findings offer insights into optimal water-to-binder ratio and mix designs for alkali-activated concrete pavement blocks, enhancing their industrial applicability. The study also demonstrates the positive impact of CO2-curing on the mechanical performance of alkali-activated calcium aluminosilicate-based binders. Recommendations for future research include optimizing alkaline solutions, mix designs, and carbonation curing techniques for each binder, warranting further investigation.
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Figure 1. Flowchart indicating the sequential implementation of the standard testing methods. 
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Figure 2. Mould used (a) before filling and (b) filled and under compaction. 
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Figure 3. Comparison between the pavement block production and curing procedures adopted for each part of the experimental campaign [42]. 






Figure 3. Comparison between the pavement block production and curing procedures adopted for each part of the experimental campaign [42].



[image: Constrmater 04 00020 g003]







[image: Constrmater 04 00020 g004] 





Figure 4. Pavement blocks of (a) EAFS, (b) MIBA, (c) FA, and (d) OPC. 
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Figure 5. Relationship between the w/b ratio and dry bulk density. 
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Figure 6. Visible volume expansion of MIBA seconds after compaction to the mould’s top surface level. 
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Figure 7. Average (a) length, (b) width, and (c) thickness results of the blocks, obtained in Part 1 of the experimental campaign (U—uncarbonated; C—carbonated). 
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Figure 8. Slip/skid resistance results of blocks with OPC, FA, MIBA, and EAFS, obtained in Part 1 of the experimental campaign (U—uncarbonated; C—carbonated). 
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Figure 9. Splitting tensile strength of blocks with OPC, FA, MIBA, and EAFS, obtained in Part 1 of the experimental campaign (U—uncarbonated; C—carbonated). 
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Figure 10. Compressive strength of blocks with OPC, FA, MIBA, and EAFS, obtained in Part 1 of the experimental campaign (U—uncarbonated; C—carbonated). 
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Figure 11. Average volume loss (in cm3) due to abrasion of the blocks for all binders, obtained in Part 1 of the experimental campaign. 
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Figure 12. Comparison of water absorption for carbonated and uncarbonated specimens by binder type, obtained in Part 1 of the experimental campaign. 
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Figure 13. Thermal conductivity results determined using the ISOMET 2114′s surface probe, obtained in Part 1 of the experimental campaign. 
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Figure 14. Average (a) length, (b) width, and (c) thickness of the blocks, obtained in Part 2 of the experimental campaign. 
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Figure 15. Slip/skid resistance results of blocks with OPC, FA, MIBA, and EAFS, obtained in Part 2 of the experimental campaign. 
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Figure 16. Splitting tensile strength of blocks with OPC, FA, MIBA, and EAFS, obtained in Part 2 of the experimental campaign. 
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Figure 17. Compressive strength of blocks with OPC, FA, MIBA, and EAFS, obtained in Part 2 of the experimental campaign. 
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Figure 18. Average weight loss (g) due to abrasion of the blocks for all binders, obtained in Part 2 of the experimental campaign. 
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Figure 19. Comparison of water absorption for carbonated and uncarbonated specimens for all binders, obtained in Part 2 of the experimental campaign. 
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Figure 20. Thermal conductivity results determined using the ISOMET 2114′s surface probe, obtained in Part 2 of the experimental campaign. 
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Table 1. Mix composition for all binders used in the Proctor test (kg/m3).
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Mix Type

	
Components

	
w/b Ratio




	
0.25

	
0.30

	
0.35

	
0.40

	
0.45






	
OPC

	
Binder

	
350

	
350

	
350

	
350

	
350




	
Water

	
99.0

	
116.5

	
134.0

	
151.5

	
169.0




	
Fine 0/2 sand

	
382.3

	
382.3

	
382.3

	
382.3

	
382.3




	
Coarse 0/4 sand

	
863.8

	
863.8

	
863.8

	
863.8

	
863.8




	
Sand gravel

	
721.5

	
721.5

	
721.5

	
721.5

	
721.5




	
AAMs

	
Binder

	
350

	
350

	
350

	
350

	
350




	
Water

	
12.6

	
30.1

	
47.5

	
65.1

	
82.5




	
Fine 0/2 sand

	
382.3

	
382.3

	
382.3

	
382.3

	
382.3




	
Coarse 0/4 sand

	
863.8

	
863.8

	
863.8

	
863.8

	
863.8




	
Sand gravel

	
721.5

	
721.5

	
721.5

	
721.5

	
721.5




	
NaOH

	
30.8

	
30.8

	
30.8

	
30.8

	
30.8




	
Na2SiO3 solution

	
132.5

	
132.5

	
132.5

	
132.5

	
132.5




	
Borax

	
14

	
14

	
14

	
14

	
14











 





Table 2. Mix composition (kg/m3) for all binders used in Part 1.
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	Mix Type
	Binder
	Total Water
	WRA
	Fine 0/2 Sand
	Coarse 0/4 Sand
	Sand Gravel
	NaOH
	Na2SiO3 Solution
	Borax





	OPC
	350
	107.2
	7
	382.3
	863.8
	721.5
	-
	-
	-



	AAMs
	350
	20.5
	7
	382.3
	863.8
	721.5
	30.8
	132.5
	14










 





Table 3. Curing stages and number of specimens per type of binder.
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Binder

	
Number of Specimens in Each Curing Condition

	
Specimen Code




	
Thermal

	
Dry

	
Dry/Carbonation




	
24 h

	
21 Days

	
7 Days






	
OPC

	
16

	
16

	
Dry—8

	
Uncarbonated

	
OPC-U




	
Carbonation—8

	
Carbonated

	
OPC-C




	
FA

	
16

	
16

	
Dry—8

	
Uncarbonated

	
FA-U




	
Carbonation—8

	
Carbonated

	
FA-C




	
MIBA

	
16

	
16

	
Dry—8

	
Uncarbonated

	
MIBA-U




	
Carbonation—8

	
Carbonated

	
MIBA-C




	
EAFS

	
16

	
16

	
Dry—8

	
Uncarbonated

	
EAFS-U




	
Carbonation—8

	
Carbonated

	
EAFS-C











 





Table 4. Number of specimens per binder (both carbonated and uncarbonated) subjected to each test.
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Total Number of Specimens (Carbonated/Uncarbonated)

	
Number of Specimens per Test

	
Standard Tests (EN 1338 [42])






	
8

	
8

	
Visual inspection




	
2 (a)

	
Slip/skid resistance




	
3 (b)

	
Splitting tensile strength




	
3 (c)

	
Compressive strength




	
3 (b)

	
Abrasion resistance




	
2 (a)

	
Total water absorption




	
2 (a)

	
Thermal conductivity








Note: Tests with identical notations (i.e., (a), (b), and (c)) indicate that the same specimens were used for multiple tests. To illustrate, the slip/skid resistance, the total water absorption, and the thermal conductivity tests were conducted on the same two specimens.













 





Table 5. Mix composition (kg/m3) for all binders used in Part 2.
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	Binder
	w/b Ratio
	Binder Content
	WRA
	Water
	Fine Sand
	Coarse Sand
	Sand Gravel
	NaOH
	Na2SiO3 Solution
	Borax





	OPC
	0.35
	350
	5
	136.1
	300.3
	581.3
	1035.3
	-
	-
	-



	FA
	0.25
	350
	0
	14.6
	283.1
	547.9
	1043.0
	30.8
	132.6
	14



	MIBA
	0.30
	350
	5
	31.7
	307.5
	595.3
	1060.2
	30.8
	132.6
	14



	EAFS
	0.30
	350
	4
	32.4
	307.5
	595.3
	1060.2
	30.8
	132.6
	14







Note: “-” represents the absence of the component.
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