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Abstract

:

Alkali-activated fly ash slag (AAFS) has emerged as a novel and environmentally sustainable construction material, garnering substantial attention due to its commendable mechanical attributes and minimal ecological footprint. This investigation delves into the influence of slag incorporation on the strength, pore structure, and transport characteristics of AAFS, encompassing various levels of fly ash replacement with slag. To assess the mechanical properties of AAFS concrete, unconfined compression and ultrasonic pulse velocity tests were conducted. Meanwhile, microstructural and mineralogical alterations were scrutinized through porosity, N2-adsorption/desorption, and SEM/EDX assessments. In addition, transport properties were gauged using electrical surface resistivity, water permeability, and water vapor permeability tests. According to the results, a remarkable refinement in the pore volume was found by increasing the slag content. The volume of the gel pores and surface area increased significantly associated with the increase in tortuosity. Accordingly, Ca inclusion in the cross-linked sodium aluminosilicate hydrate gel remarkably reduced the transport properties.
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1. Introduction


In recent decades, global warming has become one of the most challenging issues throughout the world. Approximately 40% of global warming is due to the consumption of construction materials [1]. In particular, concrete as the second most widely used material in the world causes 5–8% of global carbon dioxide (CO2) emissions [2]. Using by-product materials such as slag (SG), fly ash (FA), and silica fume as supplementary cementitious material can help to alleviate the adverse effects of cement [3,4]. Among new methods of green cement production, geopolymer concrete has demonstrated a potential of more than 70% reduction in global warming impact compared to traditional cement-based concrete [5,6,7,8].



In 1979, Davidovits represented a new cement-free concrete named geopolymer (GP). Geopolymer is a kind of inorganic polymer and a product of aluminosilicates reaction with alkali activators [9]. It has the potential to be utilized in a multitude of applications such as structural elements, soil stabilization, and immobilization of heavy metals [10,11,12,13,14]. The geopolymerization process includes three steps: (1) the alkali activator triggers the deconstruction of aluminosilicate source, (2) the alumina/silica-hydroxy polymerization generates geopolymeric gel, and (3) the fresh structure is stabilized [15,16,17].



Fly ash is a coal combustion by-products and is a great source of aluminosilicates. Generally, ambient-cured FA-based geopolymers cannot attain desirable strengths due to their low reactivity. However, heat curing can enhance cross-linked sodium aluminosilicate hydrate gel (N-A-S-H) [18]. For instance, at 75 °C for 24 h of heat curing, the compressive strength improved by about 50% compared to the ambient-cured sample [19]. To overcome the low reactivity of the FA particles in the alkali environment, adding high-CaO materials (such as SG, cement, CaO, and Ca(OH)2) can effectively accelerates the reaction kinetics [20,21,22,23].



Blast furnace slag is a by-product of the iron- and steel-making industry. Owing to the high content of CaO, SG has been studied by many researchers as a partial replacement of the FA in geopolymers. In general, amorphous calcium aluminosilicate hydrate (C-A-S-H) has been identified as a dominant gel in the alkali-activated slag matrix. In FA/SG-based geopolymers with increasing SG content, C-A-S-H becomes a binding gel, and a hybrid gel of C-A-S-H and N-A-S-H (ascribed as N-C-A-S-H) is generated. Accordingly, Ca incorporation in the N-A-S-H structure leads to a well-compacted gel and a drastic increase in the strength of the geopolymer [24,25,26].



The FA/SG-based geopolymers’ durability is highly dependent on the pore network and microstructural properties. The addition of SG to the FA-based geopolymers significantly decreases the porosity and refines the pore volume. The FA/SG-based geopolymers show high acid resistance. However, the greater content of Ca in the gel structure causes higher decalcification and more gypsum formation. It leads to expansion and, consequently, strength loss in the acid environment. Indeed, the high acid resistance of FA/SG-based geopolymers is due to its dense and tortuous pore solution, which causes relatively small penetration depth [27,28,29,30].



Among the concrete characteristics, mass transport through the pore solution is a parameter that depends on pore network topology, such as connectivity and tortuosity [31,32,33]. Water and vapor transport are the key parameters for the long-term durability of porous inorganic materials [34,35,36] since water is the main carrier of erosive ions and species (such as     C l   −    ,     S O   4   2 −   ,   a n d     C O   2    ) [37,38,39,40]. To measure the mass transport and pore structure along with direct transport measuring, non-destructive methods such as electrical resistivity and pulse velocity can be used to evaluate pore network characteristics and durability [41,42,43,44,45].



According to the available literature, numerous research studies have delved into the chemo-mechanical properties of geopolymers based on fly ash (FA) and slag (SG) [46,47,48,49]. However, there is a noticeable scarcity of publications addressing the transport characteristics of these geopolymers. The results of bulk diffusion tests revealed that all fly ash-based geopolymer concrete (GPC) specimens, regardless of their curing conditions, exhibited significantly high chloride content. Even at a depth of 25 mm beneath the surface, the chloride content exceeded 0.3% of the concrete mass. This observation suggests that low-calcium fly-ash-based GPCs display diminished resistance to chloride diffusion, likely attributable to reduced binding capacity, as well as well-connected pore structures and/or elevated levels of capillary pores [50]. In the case of rice-husk-ash-based geopolymer concrete incorporating a 15% ordinary Portland cement (OPC) replacement, the water absorption rate was notably low at 4.42%, a characteristic observed across all ages of the specimens [51]. This indicates that N-A-S-H possesses larger permeable voids compared to the denser and smaller pore system of C-A-S-H [52]. This distinction underscores the advantageous potential of porous geopolymers with a substantial proportion of interconnected pores for effectively removing heavy metals, which holds promise for their future applications in groundwater decontamination [53].



This study aims to investigate the pore structure and transport properties of FA/SG-based geopolymers, as there is currently no comprehensive research on this topic. The replacement ratios of FA to SG were 0, 10, 20, and 30%. The unconfined compression and ultrasonic pulse velocity tests were performed for evaluation of mechanical properties. Microstructural and mineralogical changes were evaluated by porosity, N2-adsorption/desorption, and SEM/EDX tests. Along with this, transport properties were studied by electrical surface resistivity, water permeability, and water vapor permeability tests.




2. Materials and Preparation


Class F fly ash (FA) and ground granulated blast furnace slag (GGBS) were used as raw materials. Table 1 presents the chemical composition of the FA and GGBS. The X-ray diffraction (XRD) analysis of FA and GGBS is available in the previous study [54]. A combination of sodium hydroxide (NH) and sodium silicate (NS) was selected as an alkali activator. The chemical composition of NS was SiO2 (=29.8 wt%), Na2O (=14.19 wt%), and H2O (=56 wt%), with a modulus (SiO2/Na2O) of 2.1. Ten-molar NH solution was prepared by dissolving 95–98% purified NH pallets in tap water one day before mixing. A polycarboxylate-based superplasticizer was utilized to enhance the concrete workability. Well-graded natural siliceous sand with a fineness modulus of 2.84 was used as fine aggregates. The coarse aggregates were crushed granite with a maximum nominal size of 12 mm. The particle size distribution of aggregates was in the range of ASTM C33-01 [55]. Fine and coarse aggregates were under the saturated surface dry (SSD) condition according to ASTM C128 and ASTM C127, respectively [56,57].



In all mix designs, binder content, water/binder, alkali liquid/binder, coarse aggregate/fine aggregate, and NH solution molarity were 400 kg/m3, 0.32, 0.4, 1.5, and 10 M, respectively. The concrete mix designs were based on the volumetric method. Based on a previous study, the optimum NS/NH solution was selected as 2.5 in this study [58]. Table 2 represents the mixture designs and the labels of the specimens.



Solid materials (binder and aggregate) were first mixed for three minutes to reach a homogenous mixture. NH and NS solutions were blended 30 min before adding. Alkali liquid and superplasticizer were then added to the dry mixture and mixed for another three minutes. Fresh concrete was placed in the 10 × 10 × 10 cm3 cubic molds for unconfined compression and ultrasonic pulse velocity tests, 15 × 15 × 15 cm3 cubic molds for water permeability, and cylindrical molds with a diameter of 10 cm and a height of 20 cm for electrical surface resistivity. Each specimen was prepared by pouring the mixture into three layers along with pounding 25 times. Although AAFS has good potential to cure in the ambient temperature, in this study, the specimens were cured at 70 °C for one day to reach a high degree of geopolymerization. They were then kept in the curing room at 20 ± 2 °C and 60 ± 5 RH for 28 days.




3. Testing Methods


3.1. Mechanical Properties


3.1.1. Unconfined Compression Test


The compressive strength was measured according to Figure 1 and BS EN 12390-3 standard [59] by the Dartec universal testing machine (UTM) with 1000 kN capacity.




3.1.2. Ultrasonic Pulse Velocity


The ultrasonic pulse velocity (UPV) test was carried out according to ASTM C597-09 [60]. The instrument consists of a transducer for wave generation, a receiving transducer, and a device for displaying the time it takes to pass the wave across the sample. The probes were lubricated to have a proper contact between the sample and the probes. The time taken by the wave to pass through the specimens was measured, and the ultrasonic pulse velocity (UPV) was calculated as follows:


  U P V =   L   t    



(1)




where t is the time taken by the wave to transmit over the specimen, and L is the length of the specimen.





3.2. Microstructural and Mineralogical Changes


3.2.1. Porosity


The porosity was measured according to ASTM C642 [61]. The 10 cm × 5 cm discs were used to determine the porosity according to Equation (2) as follows:


  P o r o s i t y =     W   a   −   W   d       W   a   −   W   w     × 100  



(2)




where Wa is the weight of the saturated specimens in the air (g), Wd is the weight of the dried specimens (g), and Ww is the weight of saturated specimens in water (g).




3.2.2. Pore size Distribution and Specific Surface Area


Gas adsorption and desorption represent the prevailing techniques for assessing the surface area of powders and determining the size distribution of porous materials. To perform these measurements, we employed the Belsorp mini II surface area and pore size analyzer by Bel Company. Prior to subjecting the specimens to the N2-adsorption/desorption test, they underwent vacuum drying and degassing. The experimental procedure was carried out at a temperature of −195.85 °C, involving the analysis of nitrogen adsorption/desorption isotherms for approximately 2 g of AAFS pastes. It is worth noting that the alkali liquid/binder and water/binder ratios of the AAFS paste samples were meticulously maintained to match those of the respective concrete specimens.




3.2.3. Scanning Electron Microscopy/Energy-Dispersive X-ray Spectroscopy


Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) was used to investigate the microstructural and mineralogical characteristics of AAFS mixtures. The pieces were collected from the middle of the specimens. Before testing, the samples were solvent-vacuum dried, followed by polishing the surface and gold coating.





3.3. Transport Properties


3.3.1. Electrical Surface Resistivity


The electrical surface resistivity was conducted according to AASHTP TP 95-11 [62] at 28 days. The ESR was measured using four pin Wenner probe arrays, as shown in Figure 2. An alternative current potential difference was applied at the outer pins of the Wenner array, leading to current flow in the concrete. The two inner probes measured the resultant potential difference, and the resistivity was calculated using Equation (3) as follows:


  ρ = R   A   L   = 2 π a R = 2 π a   V   I    



(3)




where ρ is resistivity in kΩ cm, R is resistance in kΩ, A is the surface area of the specimen in     c m   2    , L is the element length in cm, and a is the spacing between the probes in cm.




3.3.2. Water Vapor Transmission


The water vapor transmission (WVT) was conducted according to ASTM E96/E96M-16 [63]. In this study, the dry cup method was performed. Figure 3 shows the WVT test apparatus. The silica gel as a desiccant agent filled the dish within 6 mm of the specimen. A 10 cm × 2.5 cm disc was attached to the dish. Furthermore, the specimen in contact with the container was sealed with wax to prevent the water vapor transport from this area. The apparatus was then placed in the humidity chamber. In this study, the humidity was kept at 95 ± 2% to apply a high water vapor gradient. Water vapor transmission was calculated according to Equation (4) as follows:


  W V T =   G   t A    



(4)




where G is the weight change (g), t is time (hour), G/t is the slope of the straight line (    g   h    ), and A is the test area (m2).




3.3.3. Water Permeability


A water permeability device was used to measure the permeability coefficient of concrete, as can be seen in Figure 4a. The permeability test was carried out on 15 × 15 × 15 cm3 cubic specimens after 28 days of curing. The sides of the specimen were coated and waterproofed to prevent water leakage from sides, as shown in Figure 4b. Water pressure was controlled using an air compressor with an 8-bar capacity. The water pressure was applied to the specimen surface at a 1 bar pressure and gradually increased to 5 bar after 5 min. The water level in the graduated capillary tube was recorded at different time intervals until the flow rate reached a constant value. The flow rate (cm3/h) is determined by dividing the water volume into the specimen over the time interval between the records. The permeability coefficient is calculated using the Darcy law as follows:


  K =   M × l   A × h    



(5)




where K is the coefficient of permeability (m/s), M is the flow rate (cm3/s), l is the length of the specimen in the direction of water flow, A is the cross-section perpendicular to water flow, and h is the hydraulic head.






4. Results and Discussions


4.1. Mechanical Properties


4.1.1. Unconfined Compressive Strength


Figure 5 shows the compressive strength of AAFS specimens with different levels of slag replacement. Incorporating SG into FA has a significant effect on the compressive strength. The compressive strength of GP10, GP20, and GP30 increased by 32.35, 82.35, and 94.12%, respectively, compared to the GP0. This increase is mainly ascribed to the formation of C-A-S-H gel along with N-A-S-H. Also, Ca ions of SG can be dissolved in the N-A-S-H gel and form a new hybrid N-C-A-S-H gel. These new products lead the AAFS geopolymer to have dense structures [16,54,55]. The most significant improvement in the compressive strength was related to the GP20. This result was in good agreement with previous research [64].




4.1.2. Ultrasonic Pulse Velocity


The ultrasonic pulse velocity (UPV) is a measure of the speed of sound waves through a material, and it can be used to estimate the compressive strength of cement mortar and concrete. As shown in Figure 6, the UPV results for cement mortars blended with silica fume were in the range of 3774 and 4255 m/s. The UPV of GP10, GP20, and GP30 increased by 3.1, 5.2, and 12.8%, respectively, compared to the GP0. The UPV values increased with microstructure densification and increasing the compressive strength [65].



To further investigate the relationship between UPV and compressive strength, the UPV results were plotted versus the compressive strength results, and the relationship between them was calculated. As shown in Figure 7, a good correlation was observed between UPV and compressive strength. The correlation between compressive strength and UPV is obtained by adopting the procedure presented by the ACI228. Variation in the tested cores’ mixture ratios resulted in obtaining different strength–UPV correlations [66,67].



The correlation of the compressive strength and UPV in relation to the effect of the inclusion Ca ions in the N-A-S-H structure is complexly affected by the change in microstructure caused by further densification of the geopolymeric reaction [68]. Therefore, the relationship developed in the Figure 7 is case-specific due to the UPV and the compressive strength of geopolymer concrete. A linear relationship was predicted between the UPV and compressive strength of specimens with varying GGBS content.





4.2. Microstructural and Mineralogical Changes


4.2.1. Porosity


The porosity of the specimens and the relationship between porosity and compressive strength are shown in Figure 8. In comparison with GP0, the porosity of GP10, GP20, and GP30 decreased by 20.87%, 29.71%, and 36.95%, respectively. The reduction is related to higher FA dissolution in the presence of SG, which led to higher reaction products, followed by a denser matrix.



It is generally accepted that porosity has a direct relationship with compressive strength. A high value of the correlation was obtained between porosity and compressive strength (R2 = 0.95). Figure 9 shows the relationship between compressive strength and porosity.




4.2.2. Pore Size Distribution and Surface Area


Figure 10 illustrates the pore size distribution of AAFS specimens. Barett, Joyner, and Halenda’s (BJH) method was used to determine the pore size distribution in the mesopore and small macropore range [69]. This method is based on Kelvin’s equation (see Equation (6)). It describes a relationship between the vapor pressure of a liquid and surface curvature. It can be concluded from this equation that the vapor pressure of the liquid on the convex surface is higher than that of the flat surface. Although the equation assumes the cylindrical pores, it can be useful in the porosimetry of the cement base materials.


    ln   (   P     P   0       ) =   2 γ   V   M     r R T     cos   θ    



(6)




where P is the vapor pressure,     P   0     is the saturated pressure of the liquid in the plane surface, γ is the liquid surface tension,     V   M     is the molar volume of liquid, θ is the contact angle between the liquid and pore wall, R is the universal gas contact, and T is the thermodynamic temperature.



Aligizaki and Hanif et al. presented a pore size classification for cement-based materials [70]. Specifically, they defined pore sizes ranging from 2.5 to 10 nm as small capillary pores, those within the range of 10 to 50 nm as medium capillary pores, and pores sized between 50 to 10 μm as large capillary pores. In Table 3, the volume fractions of gel pores and capillary pores in the specimens are shown. As illustrated in Table 3 and Figure 10, the overall pore volume remained relatively stable with the inclusion of slag. However, a significant increase in gel pores was notably observed, which is indicative of enhanced pore network refinement. Specifically, the volume fraction of gel pores for GP10, GP20, and GP30 increased by 33.3%, 175%, and 216.7%, respectively, compared to GP0. These findings indicate a transformation of large N-A-S-H capillary pores into finer N-C-A-S-H gel pores. Furthermore, the most pronounced increase in the gel pore volume fraction was observed in GP20, aligning with the compressive strength results, where GP20 exhibited the most substantial strength enhancement.



The specific surface area was determined from the BET adsorption equation (see Equation (7)) suggested by Brunauer et al. [71]:


    P   V (   P   0   − P )   =   1     V   m   C   +   C − 1     V   m   C   ×   P     P   0      



(7)




where V is the volume of gas adsorbed at standard temperature and pressure (STP) (273.15 k and atmospheric pressure), P0 is saturated pressure of N2 gas, P is the partial vapor of N2 gas in equilibrium with the surface at 77.4 k, Vm is the volume of N2 adsorbed at STP to make a monolayer on the sample, and C is the dimensionless constant that is related to the enthalpy of adsorption of the N2 gas on the specimen.



The value of the V was measured at four relative pressures (P/P0), approximately ranging from 0.05 to 0.3. The BET equation can be evaluated and plotted by linear regression with     P   V (   P   0   − P )     on the y-axis and     P     P   0       on the x-axis and a y-intercept of     1     V   m   C    . From the plotted line, the slope was obtained and     V   m     calculated for monolayer adsorption. Finally, the specific surface is calculated by Equation (8) as follows:


    S   B E T   =     V   m     N   A     s   m     V    



(8)




where NA is Avogadro’s constant (6.022 ×      10   231    /mol), Sm is the effective cross-sectional area of the N2 molecule (0.162 mm2), and V is the molar volume of the N2 molecule.



Odler [72] demonstrated a linear relationship between the volume of the hydration products and surface area values. He explained that, in the early ages of hydration, hydration products are more porous. As the hydration proceeds, and the free water in the pore solution is consumed, the pore volume becomes finer, and the pore solution becomes more interwoven. As a result of the hydration progress, more regions are developed in the microstructure, narrowing openings.



Figure 11 shows the specific surface area of AAFS specimens. The surface area of GP10, GP20, and GP30 increased by 60.92, 75.22, and 118.58%, respectively, in comparison with the GP0. Based on the SEM observations and pore structure analysis, adding slag to the GP0 led to more geopolymeric products, which have finer pores, connecting geopolymeric products [68]. Consequently, more regions developed. In the case of the AAFS materials, increasing the SG content in the AAF materials significantly increases the surface area of the AAFS materials. Figure 12 illustrates the relationship between the surface area and the compressive strength of the AAFS specimens. A high correlation was observed between surface area and compressive strength.




4.2.3. Microstructural Analysis (SEM/EDX)


Figure 13 indicates the SEM images of AAFS specimens. The most conspicuous observation was filling the matrix voids by gel progress and gel densification by Ca inclusion. The specimens gel locations were selected from the high-reactive areas and mostly observed as amorphous phases.



Figure 13a represents a high proportion of un-reacted FA spheres and voids in the matrix. These un-reacted FA can cause low mechanical properties and high transport through the matrix. From Figure 13b–d, irregular-shaped SG components are obvious. When comparing Figure 13a–d, it can be deduced that the un-reacted FA particles were either completely resolved or partially reacted owing to the SG incorporation associated with the high-alkalinity atmosphere, which led to high-geopolymerization products. Also, some filled pores in the GP10 confirmed the SG densification effect in the low contents of SG.



In Figure 13c, many needle-shaped crystals are displayed on the surface of FA spheres, as they have covered FA particles. These needle-shaped crystals have also been reported in previous studies claiming that due to their atomic characteristics, they are types of crystalline aluminosilicate products [73,74]. As shown in, Figure 13d, FA particles were rarely detected, which indicates that they mostly dissolved in the gel. Additionally, some spindle-shaped crystals were found in the GP30, as shown in the previous research [73]. This suggested that these crystals are likely calcium carbonates (CaCO3) and observed in high contents of the SG.



Table 4 represents the mean ratio of the Ca/Si in the 10 points near the specific points shown in Figure 13a–d. The enhancement in the Ca/Si ratio by increasing the SG content confirmed that densification of the geopolymeric gel (N-A-S-H) was due to the Ca inclusion in the atomic structure of the gel.





4.3. Transport Properties


4.3.1. Electrical Surface Resistivity


Figure 14 represents the electrical surface resistivity (ESR) of AAFS specimens. The ESR values ranged between 3.7 and 7.4 kΩ·cm. The results indicated that ESR values were enhanced by increasing the replacement level of the SG. The electrical resistance of GP10, GP20, and GP30 increased by 21.62, 70.27, and 100%, respectively, compared to the GP0. High ESR values indicate that the pore network has low connectivity. In other words, ESR is a beneficial parameter for evaluating material tortuosity.



Regarding the effect of Ca inclusion in the structure of the N-A-S-H gel, the pore structure and tortuosity of the AAFS specimens are shown schematically in Figure 15b. Comparing Figure 15a with Figure 15b exhibits the pore volume refinement and increase in the tortuosity by slag addition.



Additionally, ESR has emerged as a valuable method for assessing chloride ion ingress and rebar corrosion in cement-based materials. A noteworthy reference point is the ESR value of 12 kΩ·cm, which has been established as the corrosion threshold for internal steel reinforcing bars. However, the observed low ESR values in AAFS specimens may be attributed to the presence of ions such as sodium in the pore solution [19]. Therefore, it is recommended to conduct further investigations into ESR and rebar corrosion in alkali-activated materials. Furthermore, Lee et al. demonstrated that the addition of slag resulted in a substantial reduction in chloride ion penetration depth, attributed to the denser and more convoluted matrix of AAFS compared to AAF [28]. The ESR results were plotted versus compressive strengths, and the correlation between them was calculated. As shown in Figure 16, a strong correlation was observed between ESR and compressive strength.




4.3.2. Water Vapor Permeability


Water vapor permeability (WVP) values of the specimens are given in Figure 17. The WVP of GP10, GP20, and GP30 decreased by 20.79, 42.97, and 50%, respectively, compared to the GP0. The WVP values are good qualitative concurrence with compressive strength, water permeability, surface area, and porosity. The decrease in WVP with increasing SG is related to the refinement of pore size distribution to a denser and more tortuous matrix. As can be seen in the section of BET, electrical resistivity, and porosity, higher amounts of Ca in the N-A-S-H gel lead to a finer pore structure and more tortuous structure that does not permit higher water vapor transport through the gel.




4.3.3. Water Permeability Coefficient


Figure 18 illustrates the water permeability coefficient (WPC) values of the AAFS specimens. Water permeability tests displayed that SG has a considerable influence on the permeability of AAF. The WPC of GP10, GP20, and GP30 decreased by 49.83, 69.89, and 95.88%, respectively, as compared to the GP0. Figure 19 shows the correlation between compressive strength/porosity and WPC. A strong linear correlation was observed between compressive strength–WPC and porosity–WPC. These results can be ascribed to the decrease in porosity and pore connectivity of the AAFS by increasing the SG content.



Rattanachu et al. [75] studied the relationship between compressive strength and permeability of the conventional concretes, and the results are shown in Figure 20. Comparing our results with conventional concretes revealed that the WPC of conventional concretes was quite higher in the low- and medium-strength concretes than in the AAFS concrete. However, in the high strengths (over 55 MPa), the WPC of conventional concrete tended to a constant value; however, in AAFS, it decreased sharply.



As a comparison, the WPC of AAFS is 170.2 and 102.5 times higher than that of conventional concretes at the compressive strength of 34 MPa and 66 MPa, respectively. The WPC of conventional concretes at the compressive strength of 34 MPa is 14.6 times higher than that of 66 MPa. Meanwhile, the WPC of AAFS concretes is 24.3 times higher. These findings confirmed that the N-A-S-H gel is more porous than CSH, and utilization of hybrid N-C-A-S-H gel can be an effective way to modify N-A-S-H gel and, consequently, reduce the water permeability.






5. Conclusions


Based on the experimental results, the following conclusions can be expressed:




	
The compressive strength and UPV values of the AAFS enhanced with the increase in the slag content. The highest increase in the compressive strength appeared in 20% replacement of slag;



	
By slag inclusion, a remarkable refinement in the pore volume was found, and the volume of the gel pores increased significantly;



	
The increase in the surface area of the AAFS gel indicated that AAFS had quite more geopolymeric products than AAF gel. Additionally, in concurrence with electrical surface resistivity, the surface area showed that the microstructure of the AAFS gel is more tortuous than AAS gel;



	
The SEM/EDX revealed that the increasing Ca ions in the N-A-S-H structure resulted in the highly compacted N-C-A-S-H gel;



	
An increase in slag content up to 30% significantly decreased transport properties, which is related to the microstructural changes, i.e., pore volume refinement;



	
The connection between UPV and compressive strength was characterized by an exponential relationship, signifying that minor UPV adjustments could result in significant alterations in compressive strength;



	
SEM images clearly demonstrated that most of the unreacted FA particles were effectively eliminated due to the inclusion of GGBS, which was a result of the gel densification and highly alkaline environment;



	
In comparison to concrete with a compressive strength of 34 MPa, conventional concrete with a strength of 66 MPa exhibited 14.6 times lower water permeability. However, at equivalent strength levels, AAFS showed 24.3 times lower water permeability, revealing the effect of GGBS on the alteration of pore structure.
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Figure 1. Compressive strength apparatus. 
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Figure 2. ESR test equipment. 
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Figure 3. Water vapor transmission test apparatus. 
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Figure 4. (a) Water permeability apparatus and (b) coated sample for water permeability test. 
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Figure 5. Compressive strength of the specimens (MPa). 
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Figure 6. UPV of the specimens (Km/s). 
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Figure 7. Relationship between UPV and compressive strength. 
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Figure 8. The porosity of the samples (%). 
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Figure 9. Relationship between porosity and compressive strength. 






Figure 9. Relationship between porosity and compressive strength.



[image: Sustainability 15 13348 g009]







[image: Sustainability 15 13348 g010] 





Figure 10. Pore size distribution of samples. 
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Figure 11. Specific surface area of the specimens (m2/gr). 
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Figure 12. Relationship between specific surface area and compressive strength. 
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Figure 13. SEM images of samples having (a) 0% of SG, (b) 10% of SG, (c) 20% of SG, and (d) 30% of SG. 
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Figure 14. ESR values of the specimens. 
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Figure 15. Schematically pore structure of (a) AAF and (b) AAFS. 
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Figure 16. Relationship between ESR and compressive strength values. 
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Figure 17. Water vapor permeability (gr/mm2·hour−1). 
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Figure 18. Water permeability coefficient (m/s). 
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Figure 19. Relationship between compressive strength/porosity and WPC. 
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Figure 20. Relationship proposed for conventional concretes. 
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Table 1. Chemical composition (wt%) of the SG and FA.
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	Element
	CaO
	SiO2
	Al2O3
	Fe2O3
	MgO
	SO3
	K2O
	Na2O





	GGBS
	38.23
	35.43
	13.28
	0.76
	8.74
	2.4
	0.53
	0.43



	FA
	4.3
	57.3
	29.5
	11.7
	-
	0.2
	-
	-










 





Table 2. Mix design (kg/m3).
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	Label
	FA
	GGBS
	NH Solution
	NS Solution
	Sand
	Gravel
	Extra Water
	Superplasticizer





	GP0
	400
	0
	45.71
	114.29
	722.76
	1084.15
	33.09
	4



	GP0
	360
	40
	45.71
	114.29
	722.76
	1084.15
	33.09
	4



	GP0
	320
	80
	45.71
	114.29
	722.76
	1084.15
	33.09
	4



	GP0
	280
	120
	45.71
	114.29
	722.76
	1084.15
	33.09
	4










 





Table 3. Volume fraction of gel and capillary pores (%).
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	Specimen
	Gel Pores
	Capillary Pores





	GP0
	12
	88



	GP10
	16
	84



	GP20
	33
	67



	GP30
	38
	62










 





Table 4. Ca/Si ratio analyzed via EDX analysis.






Table 4. Ca/Si ratio analyzed via EDX analysis.





	Specimens
	Ca/Si





	GP0
	0.08



	GP10
	0.14



	GP20
	0.27



	GP30
	0.41
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