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Abstract

:

Short basalt fibres (BFs) have recently gained significant interest in the building materials sector due to their superior mechanical characteristics and cheaper manufacturing cost than other fibre types. Drying shrinkage and the early-age cracking of concrete are the root cause of many durability issues in the long run. Including small dosages of fibres within concrete composites has been shown as an effective technique to minimise drying shrinkage rates and reduce the crack widths developed due to plastic shrinkage cracking. Nevertheless, limited research studies have investigated the influence of short and long BFs with different dosages on the drying shrinkage rates and early-age cracking of geopolymer composites. In the present study, self-compacting geopolymer concrete (SCGC) using fly ash and slag as the binder is mixed with anhydrous sodium metasilicate powder as an alkali-activator. The study aims to investigate the influence of short (12 mm), long (30 mm) and hybrid-length (1:3 (short/long)) BFs with 1%, 1.5% and 2% dosages on the drying shrinkage properties and plastic shrinkage cracking of SCGC. The study results showed that adding BFs to SCGC reduces the drying shrinkage rates compared to plain SCGC, and SCGC reinforced with a 2% dosage of hybrid-length BFs recorded the lowest drying shrinkage rate. Two methods were used to measure crack widths: manual measurement (crack width gauge) and image analysis. No plastic shrinkage cracks were identified in mixes reinforced with 12 mm (1.5% and 2% dosages), 30 mm and hybrid-length BFs.
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1. Introduction


Cementitious concrete is the fundamental foundation of the modernising globe and unequivocally one of the most synthetic utilised materials in the building sector [1]. By 2050, cement production is anticipated to increase by 12–23% due to urbanisation and infrastructure expansion [2], which will consequently increase CO2 emissions by 4% [3]. The World Green Building Council (WorldGBCs) urges the construction sector to adopt sustainable construction materials to approach decarbonisation by 2050 [4,5].



Geopolymer resins were first pioneered as a novel binder group by Joseph Davidovits in 1979 [6]. The physical properties of geopolymer resins vary to meet the needs of wide applications in the building, automotive and aerospace industries [1]. Geopolymer concrete is synthesised by mixing chemical alkaline solutions such as sodium hydroxide and sodium silicate with by-products, including fly ash, slag, rice husk ash, metakaolin, etc. [7]. Utilising by-products in geopolymer concrete production minimises the by-products’ adverse effect on the environment [1] and reduces CO2 emissions by 80% compared to cementitious concrete [8]. Multiple research studies have reported that geopolymer concrete has comparable characteristics to cementitious concrete, such as adequate compressive and flexural strength [9,10], similar splitting tensile strength [10], and an outstanding bond with steel reinforcement [11,12]. Geopolymer concrete possesses improved durability and mechanical properties under extreme heat compared to cementitious concrete because of its structure’s stable connection link [13]. Better chemical resistance to sulfuric acid is more associated with geopolymer concrete than cementitious concrete [14]. Geopolymer concrete, primarily made of fly ash and slag, has a comparable freeze-thaw resistance to cementitious concrete [15].



Traditional geopolymer concrete requires high-heat curing, between 60 °C and 85 °C, for 24 h immediately after casting to gain strength [4,16]. Additionally, the alkali-activator solutions used in the geopolymer mix require special handling, and the early preparation of the solution is needed 24 h before casting [17,18]. The two hurdles mentioned above limit the expansion of geopolymer concrete beyond the precast elements in the construction industry. A new mix of self-compacted geopolymer concrete (SCGC) was recently developed at Deakin University, Australia, and is mainly produced by mixing by-products, including fly ash, slag and micro ash, with solid anhydrous sodium metasilicate powder as an alkali-activator [10]. The developed mix achieves a compressive and splitting tensile strength of 40 MPa and 3 MPa, respectively, under ambient temperature [10]. SCGC may be a potential alternative to cementitious concrete as all SCGC’s binder constituents are solid, and no heat curing is required to achieve good mechanical properties.



Even though the production ease of SCGC makes it more practicable for in-situ applications, a significant concern regarding the shrinkage property of fly-ash–slag-based geopolymer concrete (FASGC) has been identified. High shrinkage in concrete is an essential concern since it leads to the formation of cracks in concrete composition, which negatively reflects on its durability characteristics in the long term [19]. Increasing the slag content in FASGC causes an increase in drying shrinkage rates, and the formation of significant efflorescence [19]. According to Lee et al. (2013) [20], including slag content in geopolymer concrete above a 25% ratio to fly ash results in significant cracks due to drying shrinkage and consequently decreases compressive strength. Additionally, using more than 30% slag in a fly ash geopolymer concrete mixture increases the possibility of crack formation due to plastic shrinkage, as shown in Figure 1 [20]. The high percentage of slag content (more than 50%) in fly ash geopolymer concrete results in rapid efflorescence occurrence and, consequently, higher shrinkage behaviour [21]. The curing temperature of fly ash/slag geopolymer concrete significantly impacts drying shrinkage [19]. A study conducted by Marjanović et al. (2015) [22] examined the effect of the concentration of activator modulus and curing temperature on the performance of fly ash/slag with a 75/25 ratio in terms of setting time and drying shrinkage. The study results showed that FASGC cured at room temperature (25 °C) has approximately a five-times-higher drying shrinkage value (≈4500 μ/mm) compared to the same mixture cured for 24 h after casting at 95 °C (≈1000 μ/mm). Regular concrete has a drying shrinkage equal to (≈ 800 μ/mm), comparable to heat-cured fly ash/slag geopolymer concrete [22]. Geopolymer concrete has a significantly higher drying shrinkage than cementitious concrete, as water is not directly incorporated into the binder formation [19]. Hence, considerable water remains chemically unbonded to the concrete and susceptible to evaporation [23]. High shrinkage behaviour in concrete leads to the development of tension cracks and consequently weakens the concrete strength, affecting its durability in the long run. Therefore, the shrinkage behaviour of the geopolymer concrete mixture must be reduced to comply with cementitious concrete shrinkage specifications.



For decades, the concrete industry has strived to adopt sustainable construction techniques to enhance concrete properties and durability by employing natural and innovative constituents. Incorporating short fibres into geopolymer concrete has shown to be an efficient technique for reducing drying shrinkage and plastic shrinkage cracking [23,24,25,26,27,28,29,30]. The influence of micro steel fibres and polypropylene fibres with volume contents of (0.5, 1, 2, 3, 4)% on fly ash-based geopolymer concrete’s mechanical properties and drying shrinkage was investigated [24]. Using both fibre types in geopolymer concrete effectively reduced drying shrinkage rates. Gao et al. (2017) [26] studied the effect of 6 mm and 13 mm steel fibres, up to 1% of total volume, on the workability, mechanical properties, porosity and drying shrinkage of geopolymer concrete. It was observed that 1% of short steel fibres performed slightly better than long steel fibres, as the drying shrinkage of geopolymer concrete decreased by 32% with short fibres and 27.6% with long fibres [26]. Abdollahnejad et al. (2017) [25] investigated the effect of different glass fibre lengths—10 mm, 20 mm and 30 mm—with varying percentages of volume (0.5, 1, 1.5, 2)% on the mechanical properties and drying shrinkage of self-compacting fly ash/slag geopolymer mortar and cementitious mortar. The study results indicate that adding glass fibres to fly ash/slag geopolymer mortar significantly reduces the drying shrinkage and improves the mechanical properties. The study reported that 1.5% glass fibres are the optimum dosage, as beyond this dosage, the drying shrinkage of geopolymer concrete is not affected or may decrease [25]. Abdollahnejad et al. (2018) [30] reported that adding steel fibres, PVA fibres and polypropylene fibres independently to slag-based geopolymer concrete considerably reduces shrinkage and prevents cracks formation. Including polypropylene fibres (PP) with a volume content of 0.75% in calcined kaolin–fly-ash-based geopolymer reduces the drying shrinkage by approximately 30% compared to plain mix [27]. Using fibres to strengthen the mix compositions is an efficient and relatively simple technique to decrease shrinkage and crack propagation compared to other methods.



Aside from the fibres stated above, basalt fibres (BFs) have been drawing researchers’ attention owing to their cheap manufacturing cost [31], non-corrosive properties [32], sustainability [32,33], good mechanical characteristics [32,34,35,36], and excellent chemical and temperature stability [31,34,37,38,39,40,41]. Adding micro-basalt fibres to fly ash geopolymer paste improves the mechanical properties and reduces the drying shrinkage of the mix [42]. The complete replacement of fly ash with micro-basalt fibres in the paste reduces drying shrinkage from approximately 30,000 microstrains to 10,000 microstrains [42]. Incorporating micro-basalt fibres into fly ash geopolymer paste densifies the calcium content. It results in the formation of a hybrid CNASH gel that improves the chemical bond strength and reduces the drying shrinkage [42].



Similarly, a 70% reduction in drying shrinkage was observed in geopolymer paste, where micro-basalt fibres replaced rice-husk ash entirely [43]. Xu et al. (2021) [44] evaluated the effect of two basalt fibre lengths—3 mm and 6 mm—on the drying shrinkage of slag–fly ash geopolymer grouting material. The results indicate that increased basalt fibre volume content in the mix reduces the drying shrinkage. The long fibres showed better performance in reducing the drying shrinkage than short fibres [44]. Although studies showed that including fibres can minimise the drying shrinkage property and crack propagation in geopolymer composites, there is still a significant knowledge gap regarding the performance of BF-reinforced geopolymer concrete, especially self-compacted geopolymer concrete. Moreover, further research is required to assess the effect of the hybridisation of short and long basalt fibres on the drying shrinkage and crack propagation of self-compacted geopolymer concrete.



Research Significance


Early-age cracking due to plastic and drying shrinkage is a significant cause of durability issues in concrete. Researchers have recently explored the impact of fibres on the behaviour of geopolymer composites’ drying shrinkage and crack development, resulting in various advances. Even so, limited studies have investigated the effect of the drying shrinkage and plastic shrinkage cracking of geopolymer composites reinforced with discrete basalt fibres [42,43,44]. The drying shrinkage and mechanical properties of hybrid short-/long-steel-fibre-reinforced geopolymer mortar with volume contents up to 1% were assessed against mono-steel fibre systems [26]. The hybridisation of multiscale steel fibre length showed a slight improvement in the mechanical properties of geopolymer mortar compared to the mono-steel fibre system. Steel fibre hybridisation has no apparent synergetic impact on geopolymer mortar’s drying shrinkage [26]. Heweidak et al. (2022) [1] studied the influence of mono and hybrid short/long basalt fibres on the mechanical properties of self-compacted geopolymer concrete. The study results indicate that increased BF dosage of up to 2% in SCGC enhances the mechanical properties, and mixes reinforced with hybrid short/long BFs showed better mechanical properties than mono-BF systems [1]. SCGC primarily made of fly ash and slag develops high surface-crack tension, as shown in Figure 2. Hence, further investigation is required to study the influence of single and hybrid BF lengths with different dosages of binder weight on the drying shrinkage rate and early-age cracking induced due to plastic shrinkage. The experimental investigation was carried out on SCGC reinforced with two different lengths of basalt fibres—12 mm and 30 mm—and a hybrid mix of the two lengths, with varying dosages of 1%, 1.5% and 2%.





2. Experimental Section


2.1. Materials and Casting


SCGC comprises fly ash/slag with a ratio of 60/40 and anhydrous sodium metasilicate powder (Na2SiO3) as an alkali-activator and 5% of micro ash is added to reduce the shrinkage and lowering voids and water demand. The water content is 45% of the binder weight [10]. Cement Australia Pty Ltd. supplied fly ash with a high silica ratio that met AS/NZS 3582.1:2016 standards [45]. Micro ash of 3.5 µm fine particle size was incorporated into the mix to increase workability and concrete strength [46,47]. Independent Cement and Lime Pty Ltd. and Redox Ltd. supplied the ground slag and the sodium anhydrous metasilicate powder (Na2SiO3), respectively. The chemical composition of SCGC’s binders is presented in Table 1. Additionally, 12 mm and 30 mm BFs, as illustrated in Figure 3, were added to reinforce the SCGC mixes, with 1%, 1.5% and 2% of binder weight. The physical properties of used BFs are detailed in Table 2. Heweidak et al. (2022) reported that SCGC mixes incorporating a 3:1 ratio of hybrid long-to-short BFs have better mechanical properties than mono-fibre systems. This study uses the same ratio (of 3:1) of long-to-short BFs to investigate the effect on the development of the SCGC’s drying shrinkage and plastic shrinkage cracks compared to mono-fibre systems.



The SCGC mix design is presented in Table 3. Ten SCGC mixes were prepared, including the control mix and nine BF-reinforced SCGC mixes (Table 4). Reinforced SCGC mixes were developed by combining coarse and fine aggregate, all binder constituents, and basalt fibres in a concrete mixer drum for 4 min. Subsequently, water was added to the dry mixture, and the mixing process was continued for approximately 11 min.



A slump flow test was performed to assess the effect of BFs on the fresh-state behaviour of SCGC. Figure 4 presents the slump flow test for SCGC reinforced with a 1.5% dosage of hybrid BFs. According to the Australian Standard-Method of Testing Concrete, AS 1012.3.5:2015 [52], self-compacted concrete has spread value above 500 mm. The slump flow diameter in this study ranged from 550 mm (SCGC reinforced with 2% dosage of 30 mm BFs) to 750 mm for the SCGC control mix. Afterwards, 30 prismatic beams with dimensions of 75 mm × 75 mm × 280 mm were cast to measure the effect of BFs on the SCGC’s drying shrinkage property. Steel nails were placed at both ends of each prismatic beam specimen to measure shrinkage displacement. The drying shrinkage test was conducted according to AS 1012.13-2015 Australian standards [53]. To investigate the effect of BFs on the plastic shrinkage cracking of SCGC, the surface cracking width and area of SCGC reinforced with different BF lengths and dosages were compared to plain SCGC. The plastic shrinkage cracking test method was conducted according to ASTM C1579-06 standards [54]. The experiments were conducted at Deakin University’s structural laboratory in Australia.



Mixes represent single- and hybrid-length basalt-fibre-reinforced SCGC composites. The acronyms BF and HBF mean single and hybrid basalt fibre mixes, respectively. Furthermore, 12 and 30 indicate the used basalt fibre length, and 1, 1.5 and 2 are the BF dosage contents.




2.2. Test Setups and Procedures


2.2.1. Drying Shrinkage


Three prismatic beams with 75 mm × 75 mm × 280 mm dimensions were cast and prepared for each mixed composition, according to AS 1012.13-2015 Australian standards [53]. Steel nails were installed at the end of each prismatic beam to record specimen length change over time. As shown in Figure 5, the SCGC mixtures were poured into the drying shrinkage moulds. Afterwards, polythene plastic film was used to cover the specimens to reduce moisture evaporation. Samples were demolded after two days, and the first measurement was taken using comparator length, as shown in Figure 6. One side of the steel nails was placed on a sturdy metal base platform, and the other was positioned in a digital indicator with a precision of 0.001 mm. The Graff–Kaufman method was adopted in this study to measure the length variations of prismatic beams. The Graff–Kaufman method is relatively inexpensive, and the produced prismatic beams can be measured and stored for an extended period without occupying the measuring tool [55]. However, this method eliminates the measurements of early length changes in prismatic beams due to carbonation shrinkage [25]. Hence, in the current investigation, the overall measured shrinkage from the length comparator includes carbonation and drying shrinkage. The rate of carbonation shrinkage is affected by various parameters, including the curing process, mixture porosity, specimen size, temperature, relative humidity, CO2 concentration and length of exposure [25].



After taking the first measurement, the specimens were placed in the environmental chamber, as shown in Figure 7, under 23 °C temperature and 49% relative humidity. The environmental chamber was used to keep all specimens at room temperature throughout the curing process. The change variations of sample lengths were high in the early days after demolding, so they were recorded daily. Over time, measurements were taken after more extended periods as fewer length variations were observed.




2.2.2. Plastic Shrinkage Cracking


The plastic shrinkage mould was manufactured using timber plywood following the ASTM C1579-06 standards [54]. As indicated in Figure 8, the mould dimensions are 560 mm (length) × 355 mm (width) × 100 mm (height). Two restraints of 32 ± 1 mm height were placed 90 ± 10 mm inward from both ends of the mould. A stress riser of 63.5 ± 1 mm was placed at the mould’s centre, as shown in Figure 8. According to ASTM C1579-06 standards [54], a minimum 1 kg/(h·m2) evaporation rate from the water surface is required to cause a crack. The standard test set a temperature, relative humidity, and wind speed of 36 ± 3 °C, 30 ± 10% and 4.7 m/s, respectively, to achieve the minimum required evaporation rate. However, a temperature of 55 °C and relative humidity of 20% was needed for a minimum evaporation rate of 1 kg/(h·m2). As shown in Figure 9, an environmental chamber was used to stimulate the required environmental conditions. The weight of each panel was measured on the scale and then placed on the bottom shelf of the humidity chamber, as shown in Figure 10a, to ensure continuous exposure to the uniformly circulated flowing air and, consequently, a higher evaporation rate from the concrete surface. Moulds to determine the final setting time were placed beside the panels in the humidity chamber. Figure 10b presents a schematic plan of the chamber contents.



Monitoring the crack width for the developed mixtures during the first 24 h after casting was used to characterise the plastic shrinkage behaviour. Two measurement techniques were adopted to investigate the influence of BF lengths and dosages on the early-age cracking of SCGC, including a manual crack-measuring procedure using a crack width gauge (model CWG540) and image analysis. The crack width gauge is designed to measure the crack width to the nearest 0.01 mm. The crack widths were measured at six locations at 50 mm intervals along the length. Image analysis is an efficient and straightforward approach to quantifying the crack width and area. The images were taken with a high-resolution camera of 12 megapixels. Each pixel exhibits a greyscale value that varies between 0 and 255 based on the amount of light reflected by the concrete’s surface. During the test, images were captured every 30 min from the first crack sign at the concrete surface above the stress riser. Two LED work lights shone on the specimen’s concrete surface to improve the image’s luminosity. The captured images were converted to a thresholded binary image to measure the cracks, widths and areas. After the final setting time occurred for panels, the time was recorded, and the weight of the panels was measured. Afterwards, the panels were covered by a plastic sheet and placed in the environmental chamber at 23 °C. It aimed to reduce the moisture loss until the crack width was measured (24 h after casting). Notably, according to the research studies [56,57], a minimal change in crack widths from 6 to 24 h after casting is observed when panels are covered with plastic sheets.






3. Results and Discussions


3.1. Drying Shrinkage


The drying shrinkage rates of self-compacted geopolymer concrete and reinforced developed mixtures were assessed over 52 days. The measurements of the drying shrinkage rates of the prismatic beams ceased when length changes were almost stabilised. Figure 11 presents the obtained average results of the three prismatic beams. For most developed mixes, higher drying shrinkage rates were observed in the first ten days—up to 60% of the overall recorded drying shrinkage during the 52 days. However, lower drying shrinkage rates were observed for specimens incorporated with BFs than plain SCGC.



Abdalhmid et al. 2019 [58] reported a drying shrinkage strain of 500 microstrains for self-compacted cementitious concrete at 52 days of age. This study recorded a drying shrinkage strain of 627 microstrains for SCGC at 52 days of age. According to the study findings, self-compacted geopolymer concrete has a 25% higher drying shrinkage rate than self-compacted cementitious concrete. However, Deb et al. [59] concluded that geopolymer composite made of fly ash and slag and cured at room temperature has an 11% lower drying shrinkage rate than cementitious composite at 28 days of age. Even so, several scholars claimed that fly ash and slag geopolymer composites cured at room temperatures have higher drying shrinkage rates than cementitious mixtures [25,60,61]. A high drying shrinkage rate in a geopolymer mixture is attributed to the water not fully integrating into the formation of a geopolymer matrix. Unlike composites made of cement, an amount of water remains interstitial within the composite structure. As a result, higher drying shrinkage rates in geopolymer composites are expected as the unbounded water during the chemical reaction is at an increased exposure of evaporation under ambient temperature and relative humidity conditions [25].



Slag-based geopolymer composite has the highest drying shrinkage amongst alkali-activated composites, almost three times higher than cementitious composite [19]. It has been hypothesised that the high drying shrinkage in slag-based composites results from the lack of crystal phases such as CH in the geopolymer structure [62]. Sherwani et al. (2022) [63] reported a higher drying shrinkage of SCGC made of fly ash and slag compared to SCGC made of 100% fly ash because of fly ash’s lower reactivity compared to a slag binder.



Moreover, 12 mm and 30 mm basalt fibres with 1%, 1.5% and 2% dosages were used to investigate their impact on managing SCGC’s drying shrinkage rate. For the reinforced SCGC with 12 mm length BFs, the maximum reduction of the drying shrinkage rate was 40% for the mix reinforced with 2%. SCGC reinforced with 12 mm length BFs and dosages of 1%, 1.5%, and 2% showed 10.4%, 31% and 40%, respectively, lower drying shrinkage rates than plain SCGC, as shown in Figure 11a. SCGC incorporated with 30 mm length BFs and dosages of 1%, 1.5% and 2% showed 27.1%, 43.7% and 66.3%, respectively, lower drying shrinkage rates than plain SCGC, as shown in Figure 11b. The increased dosage of BFs of up to 2% in SCGC consistently decreased the drying shrinkage rate due to the high absorption property of BFs. As shown in Figure 11d, the increase in BF length from 12 mm to 30 mm resulted in a higher decrease in the maximum drying shrinkage rate of reinforced SCGC compared to mixes reinforced with 12 mm BFs, the results of which are 18.8% (1% BFs), 18.3% (1.5% BFs) and 43% (2% BFs), respectively. Interestingly, mixes incorporated with long BFs showed better performance in limiting the drying shrinkage rate than short BFs, which may highlight the superior bridging action that long BFs have over short BFs. Long BFs performed better than short BFs in reducing the maximum drying shrinkage rates by restraining the propagation of early-age cracks due to plastic and drying shrinkage, resulting in better water retention within the geopolymer matrix.



SCGC mixes incorporated with hybrid short/long BFs better controlled the drying shrinkage rate than plain SCGC and 12 mm BF-reinforced SCGC, as shown in Figure 11c,e. M7, M8 and M9 showed 33.6%, 39% and 70% lower drying shrinkage rates than plain SCGC, as shown in Figure 11c. Compared to 12 mm BF-reinforced SCGC, M7, M8, and M9 showed 26%, 11.5% and 49.5% lower drying shrinkage rates than M1, M2 and M3, respectively (Figure 11e). Interestingly, SCGC incorporated with hybrid short/long BFs showed relatively similar maximum drying shrinkage rates to the maximum drying shrinkage rates of 30 mm BF-reinforced SCGC, as shown in Figure 11f. Although SCGC incorporated with hybrid short/long BFs demonstrated slightly better mechanical properties than mono-reinforced SCGC [1], the drying shrinkage results of the hybrid BF-reinforced mixes are within 10% of the SCGC mono-reinforced with 30 mm BFs for the same BF dosage. The results indicate that BF-length hybridisation has no significant effect on reducing the drying shrinkage rates compared to SCGC mono-reinforced with 30 mm BFs. The maximum drying shrinkage rates against BFs dosages are shown in Figure 12 for three sets of BFs with 12 mm, 30 mm and hybrid lengths. Figure 12 presents the maximum drying shrinkage rates for all developed mixes at 52 days of age. According to the findings, the optimum obtained drying shrinkage rate is 188 microstrains for SCGC reinforced with hybrid-length BFs and a dosage of 2%.




3.2. Plastic Shrinkage Cracking


The plastic shrinkage cracking test was commenced directly 20 min after casting, and the final setting time occurred approximately 6 h after casting for all panels. The evaporation rate from the pan of water was measured every 30 min until the mix’s last setting time, and the evaporation rate was above 1 kg/m2, which complies with test requirements set by ASTM C1579-06 [54]. Plastic shrinkage cracking widths were manually measured using a crack width gauge and image analysis by ImageJ 1.51 software. Furthermore, 24 h after the casting time, images were taken, as shown in Figure 13, to analyse the cracks’ widths and areas. Figure 13a,b present the panel surface cracks of SCGC and SCGC reinforced with 1% of 12 mm BFs, respectively. The crack widths were measured at 50 mm intervals along the path, and the average value was reported. Figure 14 presents additional images of measured crack widths using a crack width gauge. In plain SCGC panels, the early-age cracks began to appear 3.5 h from the start time of the test and developed into macro-cracks in 30 min. The average crack width for SCGC panels 6 h and 24 h after casting is 0.5 mm and 0.87 mm, respectively. SCGC incorporated with a 1% dosage of 12 mm BFs showed a longer required 4 h for the first crack appearance. The average crack width for SCGC panels reinforced with 1% of 12 mm BFs 6 h and 24 h after casting is 0.22 mm and 0.32 mm, respectively.



On the other hand, in the first 24 h after casting, no macro-cracks could be observed in mixes reinforced with 30 mm, 12 mm (1.5 and 2% dosages) and hybrid-length BFs. The existence of BFs within the SCGC mix resulted in generating bridging forces above the stress risers that consequently prevented crack propagation. Additionally, including BFs reduces the amount of bleeding water and further increases the stiffness of SCGC at an early stage.



Studies [64,65,66,67] have reported that using long fibres showed a smaller concentration of localised strains above the stress riser than short fibres. It might be due to the increased area filled by the long fibres, which causes stress redistribution and, as a result, a drop in maximum strain values [64]. Longer fibres provide an adequate stress distribution and decrease stress concentration throughout the crack path [64,66,67]. The study results agree with previous studies as no macro-cracks were observed in SCGC panels reinforced with a 1% dosage of 30 mm BFs, compared to an average crack width of 0.32 mm recorded in SCGC panels reinforced with a 1% dosage of 12 mm BFs.



In addition to the manual measurement of cracks, image analysis was used to validate the accuracy of the obtained manual crack width measurements. The width of the crack was measured at multiple locations (usually at six locations, as shown in Figure 15) throughout the whole crack length. Figure 16 presents the crack width propagation measured using a crack width gauge (manual) and image analysis for SCGC and SCGC reinforced with a 1% dosage of 12 mm BFs. The results show that both image analysis and manual measurement results are in good agreement, as variations in crack width between the two methods are less than 5%. Based on the image analysis results, using a 1% dosage of 12 mm BFs in SCGC reduces crack area by approximately 60% compared to plain SCGC.



Few studies have reported no noticeable difference in average crack width when cementitious concrete panels are covered with plastic sheets from 6 to 24 h after starting the test [54,56]. However, a 42% increase in crack width was observed after 24 h compared to the crack width at 6 h. On the other hand, for SCGC panels reinforced with a 1% dosage of 12 mm BFs, a 31% increase in crack width was observed after 24 h compared to the crack width at 6 h after casting. The rise in crack width between 6 and 24 h returns to the evaporation of unbounded water during the chemical reaction. Unlike composites made of cement, water does not fully integrate into the formation of a geopolymer matrix. Incorporating a 1% dosage of 12 mm BFs into SCGC results in 26% less crack propagation than plain SCGC panels. A crack reduction ratio (CRR) of 62.87% was developed for the SCGC mix reinforced with a 1% dosage of 12 mm BFs.



Moreover, 2.49% of moisture loss was observed in the SCGC mix 24 h after casting. The increase in BF dosage up to 2% in SCGC resulted in the reduction of moisture loss, as shown in Figure 17. However, long fibres performed better in retaining water within the SCGC structure than short fibres. BF-length hybridisation shows no significant impact on reducing moisture loss compared to the effect of the long fibres.





4. Conclusions


This study reports the experimental findings of a comparative investigation on the impacts of 12 mm, 30 mm and hybrid-length basalt fibres on the drying shrinkage rate and early-age plastic shrinkage cracking of self-compacted geopolymer concrete. A total of 30 specimens and 20 panels were employed in the experimental investigation to determine the drying shrinkage rates and study plastic shrinkage cracking, respectively. The following findings can be drawn from the conducted research:




	
SCGC has a drying shrinkage rate of 627 microstrains, 25% higher than self-compacted cementitious concrete.



	
The addition of up to a 2% dosage of both short and long basalt fibres to SCGC results in the reduction of the drying shrinkage rate. The lowest observed drying shrinkage rate is 188 microstrains for SCGC reinforced with a 2% dosage of hybrid-length BFs.



	
Using 1% to 2% of BFs in the SCGC mix reduces the early-age crack width due to plastic shrinkage. Adding a 1% dosage of 12 mm BFs reduces the crack width from 0.87 mm (average crack width in SCGC panels) to an average crack width of 0.32 mm.



	
No early-age macro-cracks were observed in mixes reinforced with 30 mm, 12 mm (1.5 and 2% dosages) and hybrid-length BFs.



	
The results obtained for average crack width from two measurement methods—crack width gauge (manual) and image analysis—are in the cooperative agreement, as variations in crack width between the two methods are less than 5%.



	
Long fibres were more efficient at reducing drying shrinkage rates and controlling early-age cracks than short fibres.



	
Using a hybrid length of short/long BFs in SCGC to reduce drying shrinkage rates shows close results to long BFs with the exact BF dosage. It indicates no significant effect of BF-length hybridisation on reducing drying shrinkage compared to long BFs. However, combining hybrid short/long BFs showed better results in lowering drying shrinkage rates in SCGC than short BFs.
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Figure 1. Surface cracks developed in fly ash/slag geopolymer concrete [20]. 
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Figure 2. Surface cracks developed in SCGC. 






Figure 2. Surface cracks developed in SCGC.
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Figure 3. Short/long basalt fibres of (a) 12 mm and (b) 30 mm were used in the SCGC mixture [1]. 
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Figure 4. Slump flow diameter for SCGC reinforced with 1.5% dosage of hybrid BFs. 
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Figure 5. Concrete shrinkage moulds. 
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Figure 6. Length comparator for measuring length changes. 
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Figure 7. Specimens to measure drying shrinkage were placed in the environmental chamber. 
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Figure 8. The test set up for measuring plastic shrinkage cracking development. (a) Dimensions of plastic shrinkage moulds and (b) plastic shrinkage moulds (mm). 
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Figure 9. The used environmental chamber was for the plastic shrinkage cracking test. 
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Figure 10. Schematic plan of the chamber contents. (a) Specimens placed in an environmental chamber, (b) Environmental chamber schematic plan. 
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Figure 11. Drying shrinkage rate for SCGC: (a) SCGC with 12 mm BFs; (b) SCGC with 30 mm BFs; (c) SCGC with hybrid-length BFs; (d) SCGC with 12 mm and 30 mm BFs; (e) SCGC with 12 mm and hybrid BFs; (f) SCGC with 30 mm and hybrid BFs. 
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Figure 12. Maximum drying shrinkage rates of developed mixes against BFs dosages. 
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Figure 13. Typical surface cracking in (a) M0 and (b) M1. 
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Figure 14. Crack widths are measured using a crack width gauge. 
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Figure 15. The image analysis technique was used to measure the average crack width and area of SCGC. (a) original greyscale image, (b) binary image. 
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Figure 16. Cracks width measurement until the test’s end using image analysis (IA) and crack width gauge (manual). 
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Figure 17. Moisture loss of developed mixes. 
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Table 1. Chemical composition details of SCGC mixture [1].
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	Chemical

Composition
	Fly Ash (%)
	Slag (Independent Cement and Lime Pty Ltd.) (%)
	Sodium Metasilicate

Anhydrous (%)
	Micro Fly Ash (%)





	SiO2
	65.75
	35.19
	50
	63.09



	CaO
	--
	41.47
	--
	--



	Al2O3
	32.87
	13.66
	--
	32.26



	MgO
	--
	6.32
	--
	--



	K2O
	--
	--
	--
	0.83



	MnO
	--
	--
	--
	--



	SO3
	--
	2.43
	--
	--



	V2O5
	--
	0.20
	--
	--



	TiO2
	1.38
	0.73
	--
	1.67



	Na2O
	--
	--
	50
	0.41



	P2O5
	--
	--
	--
	0.62



	FeO
	--
	--
	--
	1.12










[image: Table] 





Table 2. Physical properties of basalt fibres [48,49,50,51].
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	Designation
	Length (mm)
	Diameter (μm)
	Density (g/cm3)
	Elastic

Modulus (GPa)
	Elongation (%)
	Thermal

Conductivity (W/mK)
	Melt

Temperature (°C)
	Tensile Strength (Mpa)





	BF 12
	12
	13
	2.6–2.8
	80–115
	2.4–3.15
	0.031–0.0038
	1450
	1000



	BF 30
	30
	13
	2.6–2.8
	80–115
	2.4–3.15
	0.031–0.0038
	1450
	1000
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Table 3. Mix design of SCGC (kg per 1 m3).
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	Mix
	Fly Ash (kg)
	Slag (kg)
	Micro Fly Ash (kg)
	Sodium Metasilicate (kg)
	Fine Aggregate (kg)
	Coarse Aggregate (kg)





	SCGC
	480
	360
	120
	96
	763
	677
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Table 4. Designation of mix composition.
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BF Fibre Weight (%)




	
Mix No

	
Mixes

	
12 mm (%)

	
30 mm (%)

	
The Total Weight (%)






	
M0

	
control

	
—

	
—

	
0




	
M1

	
BF12-1

	
1

	
—

	
1




	
M2

	
BF12-1.5

	
1.5

	
—

	
1.5




	
M3

	
BF12-2

	
2

	
—

	
2




	
M4

	
BF30-1

	
—

	
1

	
1




	
M5

	
BF30-1.5

	
—

	
1.5

	
1.5




	
M6

	
BF30-2

	
—

	
2

	
2




	
M7

	
HBF-1

	
0.25

	
0.75

	
1




	
M8

	
HBF-1.5

	
0.375

	
1.125

	
1.5




	
M9

	
HBF-2

	
0.5

	
1.5

	
2
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