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Abstract

:

As the human population grows and technology advances, the demand for concrete and cement grows. However, it is critical to propose alternative ecologically suitable options to cement, the primary binder in concrete. Numerous researchers have recently concentrated their efforts on geopolymer mortars to accomplish this objective. The effects of basalt fiber (BF) on a geopolymer based on fly ash (FA) and basalt powder waste (BP) filled were studied in this research. The compressive and flexural strength, Charpy impact, and capillary water absorption tests were performed on produced samples after 28 days. Then, produced samples were exposed to the high-temperature test. Weight change, flexural strength, compressive strength, UPV, and microstructural tests of the specimens were performed after and before the effect of the high temperature. In addition, the results tests conducted on the specimens were compared after and before the high-temperature test. The findings indicated that BF had beneficial benefits, mainly when 1.2 percent BF was used. When the findings of samples containing 1.2 percent BF exposed to various temperatures were analyzed, it was revealed that it could increase compressive strength by up to 18 percent and flexural strength by up to 44 percent. In this study, the addition of BF to fly ash-based geopolymer samples improved the high-temperature resistance and mechanical properties.
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1. Introduction


In terms of environmental protection, it is critical to creating a sustainable product. The geopolymer mortars were used to reduce OPC use to as an alternative to Ordinary Portland cement (OPC). Cement manufacture accounts for 5–7 percent of global CO2 emissions [1]. This scenario has severe environmental consequences. Finding alternate OPC replacements is essential. Industrial waste materials (slag, red mud, fly ash) were significant replacements. Alkaline activators were used to activate these waste materials in the geopolymer manufacture process. The carbon dioxide emissions are decreased due to recycling waste materials and using less OPC [2].



Additionally, geopolymer mortars have much superior durability and mechanical properties. In this instance, the compact and dense geopolymer microstructure is beneficial [3]. Industrial waste, produced as a byproduct of many technological operations, is a major environmental issue. One of these sectors is the quarry industry which generates a large quantity of industrial waste. The environmental cost for storing waste items rises year after year. The mining and processing of rock raw materials are rapidly expanding. Rock raw materials are treated to cutting and grinding operations in stone manufacturers. The fine-grained waste material generated during processing is transported to and deposited in landfills. Therefore, geopolymer was produced using different waste materials, and its properties were investigated in previous studies [4,5,6,7]. The sodium hydroxide (SH) and sodium silicate (SS) used in this study were close to the amounts of SH and SS used in these studies. However, it can be stated that using BP instead of sand in this study is more economical than geopolymers using sand. BP is a byproduct of the manufacturing of high-quality aggregates from basalt rocks. Tammam et al. [8] were used industrial waste filler materials such as BP, marble powder, and limestone powder waste in geopolymer mortars. They found that the use of industrial waste enhanced the mechanical and durability properties of the geopolymer specimens. Celikten and Atabey [9] investigated the mechanical and physical characteristics of geopolymer mortars manufactured using basalt stone cutting waste. Geopolymer mortars with four different water contents were created for this purpose. They found that the mortars with the least water content had the highest strength values.



Improving mechanical characteristics using fiber has significant benefits. PVA, basalt, glass, Carbon, and steel fiber have all been used to create geopolymer [10,11,12]. Previous research used polyvinyl alcohol (PVA) fibers and nano-SiO2 to manufacture geopolymer concrete. The findings showed that PVA fibers enhanced the proprieties’ strength, improved toughness, and achieved the optimal value at 0.6% to 1% [13,14,15,16]. Significant values were achieved with high temperatures in BF, and PVA contained geopolymer mortars. BF was examined and is among the most widely used concrete fibers [17]. It is a very efficient insulating, non-toxic, low-cost fibrous material formed during basalt rock melting at up to 1400 ℃. It is less costly than other fibers since it requires less energy and no additives [18]. Additionally, it was shown that it had a function in strength growth by substantially adding to workability. Several publications have verified the beneficial benefits of BF [19,20,21,22,23]. Ali et al. [24] investigated the impact of boron waste and BF on metakaolin-based geopolymer. Based on the findings of their study, 24 mm BF has more significant beneficial impacts than 12 mm BF. The specimens were found to be stable during high temperatures, sulfuric acid, and freeze-thaw effects.



Previous studies were conducted on alternative binder ingredients in fly ash-based geopolymer. Only a few of them have mixed various ratios of BF and basalt waste aggregate. This study aims to produce a sustainable mortar with high mechanical and microstructural properties and good high-temperature resistance. Thus, this study has led to environmentally friendly geopolymer mortar production using waste materials instead of cement and sand. For this proposal, BF contained fly ash-based, and BP-filled geopolymer mortar samples were produced. The mechanical, physical, and microstructural tests were performed after and before the high-temperature test.




2. Materials and Methods


2.1. Materials


In this study, waste materials were used as binder and filler material in fly ash-based geopolymer mortars. Class F fly ash (FA) and slag (S) were used as binders. Basalt dust waste (BP) was also used as filling material. The physical and chemical properties of BP, S, and FA materials are given in Table 1. The particle diameters of BP range from 1 to 300 µm, with an average particle diameter of 120 µm. Sodium hydroxide (SH) and sodium silicate (SS) were used as activators to produce geopolymer mortar. Table 2 and Table 3 illustrate the chemical characteristics of SS and SH, respectively. In addition, BF was used at 4, 8, and 12 percent by volume. BF properties used in blends are shown in Table 4. The images of FA, S, BP, and BF materials used in fly ash -based and BP-filled geopolymer mortars are given in Figure 1.




2.2. Mixing Procedure and Samples


In the first mixing stage of the fly ash-based geopolymer mortars produced in this study, 12 M sodium hydroxide solution was prepared and kept at 20 °C for 24 h to cool. 1000 g of deionized water was used for each 40 g of sodium hydroxide pellets to prepare 12 M sodium hydroxide solution. Then, sodium hydroxide solution (SH) was mixed with sodium silicate solution (SS) after cooling. Then, fly ash was placed in the mixer, and the prepared mixture of SS and SH (mixed activator solution) was added and mixed until homogeneous. Then, slag was added to the mixture and mixed homogeneously. BP waste, which is the filling material, was added to the mixture and mixed homogeneously. Finally, BF was added to the mixtures at different rates (0%, 4%, 8%, and 12%) and mixed homogeneously. In addition, the amounts of the materials used in the fly ash-based geopolymer mortar mixtures produced in this study are given in (kg/m3), as Table 5 shows. BF was added at 0%, 4%, 8%, and 12% by volume. Previous trial experiments and earlier studies were used to prepare the mixture [8,25].



Freshly prepared mixtures were placed into 40 × 40 × 160 mm3 prismatic molds and 50 × 50 × 50 mm3 cubic molds. The molds were then vibrated while being placed on the vibration table. Then the samples were cured in an oven at 60 °C for 24 h. The cured samples were kept at 20 °C for 28 days.




2.3. Tests Conducted


In this study, mixtures of fly ash-based geopolymer contained BF were prepared. Compressive strength, flexural strength, Ultrasonic pulse velocity (UPV), Charpy impact, and capillary water absorption tests were performed to examine the impact of BF content on prepared samples. Then, 50 × 50 × 50 mm3 cubic and 40 × 40 × 160 mm3 prismatic samples were subjected to the high-temperature test. Weight change, compressive strength, flexural strength, and UPV tests of the samples exposed to the high-temperature test were performed. In addition, the results before and after the high-temperature test were compared. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDS) analyzes were performed to observe the BF content and changes in the matrices of the samples.



2.3.1. Compressive Strength, Flexural Strength, and Ultrasonic Pulse Velocity (UPV) Tests


Compressive strength, flexural strength, and UPV tests were performed to examine the impact of BF on produced samples after 28 days at 20 °C. The same tests were also carried out on samples exposed to high-temperature effects. For each mixture, the average compressive strength of three 50 × 50 × 50 mm3 cube samples after 28 days was performed. Compressive strength was conducted with a rate of 0.602 MPa/s according to ASTM C39. In addition, compressive strengths were performed on the geopolymer samples exposed to 200 °C, 400 °C, 600 °C, and 800 °C temperatures, and the differences between the results were analyzed. The flexural test was performed after 28 days on three 40 × 40 × 160 mm3 prism samples for each mixture. Flexural strength tests were conducted following ASTM C 348. As in the compressive strength test, the flexural strength test was also performed after the high-temperature test. The 4× and 40× magnified crack images of 12 BF specimens subjected to flexural strength test are shown in Figure 2.



In addition, the UPV test of the geopolymer mortar samples was applied after 28 days according to ASTM C597-16. UPV test results of fly ash-based geopolymer samples contained BF exposed to 20 °C, and high temperatures were obtained. The damage degrees caused by high temperatures were calculated using the UPV results and the following formula:


            D d = 1 −      v a     v b       



(1)







Dd was the damage degree of samples, Va was the UPV values of samples after the high-temperature test, and Vb was the UPV values of samples before the high-temperature test.




2.3.2. Charpy Impact Test


The Charpy impact test was conducted following ASTM E23. 40 × 40 × 160 mm3 prismatic fly ash-based geopolymer specimens were used for the Charpy impact test. In the first stage of the Charpy impact test, the sample was placed centered on the device, as shown in Figure 3a. Subsequently, the pendulum was raised, and the drag indicator was set to the zero position. Finally, the pendulum was released from the first height and swung through the specimen to the second height. Figure 3 illustrates the procedure of the Charpy impact test and the samples subjected to this test. Three fly ash-based geopolymer samples containing BF were subjected to the Charpy impact test, and the average results were recorded from the device in the Kgf-m unit.




2.3.3. Capillary Water Absorption


The capillary water absorption capacity of fly ash-based geopolymer samples was determined using ASTM C1585-20. 40 × 40 × 160 mm3 fly ash-based geopolymer samples were dried in an oven at 105 °C for 24 h. Then, the samples surfaces were covered with paraffin except for the surface contacted with water and the opposite surface. Then, the dry weights (Wd) of the samples were obtained, and the dry samples were immersed in 5 mm depth water. After 15 min, 30 min, 1, 2, 3, 5, 24, 48, 72, and 96 h, the fly ash-based samples were withdrawn from the water, and their wet weight (Ww) was determined. Finally, the capillary water absorption curves and water absorption coefficient (Kc) using the following formula:


   K C  ×  t  =  Q A   



(2)




where Q was the absorbed water mass (Ww-Wd) (kg), Wd was the dry weight (kg), Ww was the wet weight (kg), A was the immersed surface area (m2), t was a time (s), and Kc was the water absorption coefficient ((kg/(m2. √s)).




2.3.4. High-Temperature Test


In this study, a high-temperature test was performed to examine the high-temperature resistance of fly ash-based geopolymer samples and the effect on the BF contained in the samples. Fly ash-based geopolymer samples were dried in an oven at 105 °C for 24 h. Dried samples were exposed to temperatures of 200 °C, 400 °C, 600 °C, and 800 °C, respectively. The high-temperature degrees rose with the rate of 5 °C/min, and then the samples were exposed to temperatures for another 1 h.



The dry weight (Wd) of the samples dried at 105 °C for 24 h in the oven was performed. Then, the weights of the samples exposed to the effects of high temperatures were measured, and the percentages of change in weights were calculated. The images of the cracks were obtained using a microscope with 40× magnification to evaluate the effect of high temperature on the samples.






3. Results and Discussions


3.1. Compressive and Flexural Strength Results


Compressive strength, flexural strength, UPV, and Charpy impact tests were performed on geopolymer mortar samples after 28 days. These tests were conducted to study the effect of BF and determine the mechanical properties of the fly ash-based geopolymer mortars filled with BP. Subsequently, the results of these tests were determined. Figure 4 and Figure 5 show the compressive and flexural strength results of fly ash-based geopolymer samples containing BF. Additionally, Figure 4 and Figure 5 show the relationship between the strengths and the content of BF in the geopolymer series. The relationships were quite strong, and R2 was 0.94 for compressive strength (Figure 4) and 0.97 for flexural strength (Figure 5). Therefore, in this study, it was found that the increase of BF content in fly ash-based geopolymer mortars increased the compressive and flexural strength of the specimens. The increases in compressive strength were 6.43%, 9.65%, and 11.94% for 4 BF, 8 BF, and 12 BF, respectively.



Similarly, the flexural strength increased by 7.72%, 25.51%, and 34.15% for 4 BF, 8 BF, and 12 BF, respectively. Consequently, the increase in flexural strength due to basalt content was higher than the increase in compressive strength. Especially for the 12 BF series, the increase in flexural strength was 2.86 times larger than the increase in compressive strength. All specimens with BF exhibited higher strength than the 0 BF specimens. The use of BF increased the compressive and strength of the geopolymer matrix. The delicate and uniform distribution of crystal phases helped improve the BF materials’ physical and mechanical properties. Applying a nucleating agent such as P2O5, TiO2, and ZrO2 helped achieve the required degree of microstructure. At the same time, basaltic rock was not required for melting, creating a naturally occurring nucleating agent such as Fe3O4 aided in the process. Thus, the nucleating agents outperformed the necessary fibers [17]. The addition of BF significantly reduced the number of fractures during the flexural test because they transferred the flexural load. In other words, they delayed the formation of cracks by distributing the resulting stress. As a result, BF had a massive effect on flexural strength [26].




3.2. Ultrasonic Pulse Velocity (UPV) Results


The UPV test was performed on fly ash-based geopolymer mortar samples after 28 days. The UPV test was carried out to study the effect of BF on the samples and to determine the compactness of the fly ash-based geopolymer mortars filled with BP waste. Figure 6 shows the UPV test results of the series. Similarly, Figure 6 illustrates the relationship between the UPV and BF content in the geopolymer series. The wave velocity and the number of voids in the matrix of geopolymer samples have a reciprocal relationship [27]. The penetration rate is determined by dividing the distance between the origin and the receiver by the elapsed time. When the matrix of samples contains more voids, the time required increases, and the penetration rate decreases.



Consequently, the void ratio has a significant effect on the mechanical properties of fly ash-based geopolymer specimens. The relationship between UPV and BF content was relatively high, with an R2 of 0.99. Thus, in this study, it was found that the addition of BF to fly ash-based geopolymer mortars increased the UPV values of the geopolymer specimens. The UPV values increased by 3.34%, 6.05%, and 8.90% for series 4 BF, 8 BF, and 12 BF, respectively, compared to series 0 BF. Although the fiber exposure improved the UPV values by reducing the void ratio, the improvement was not significant. This situation was because the fibers had no direct effect on the homogeneity or compaction of the matrix. The observed behavior indicates that basalt fiber content influences the UPV of composites and is connected to the composite density and perceived porosity. Additionally, basalt fiber influences the geopolymer matrix and improved the UPV values of geopolymer mortar samples. Ozkan and Coban [28] investigated the hybrid effects of basalt and PVA fiber on the properties of cementitious composites, and the effect of BF on UPV results they found are consistent with the effect of BF performed in this study.




3.3. Charpy Impact Test Results


The Charpy impact test was performed on prismatic fly ash-based geopolymer samples. The Charpy impact test was performed on samples of the series, and the average results were reported in Kgf-m units. This test uses a falling pendulum’s potential energy to fracture samples at high strain rates and characterize the composites. Mechanical property testing procedures are based on the principles of stress wave propagation, kinetic energy, or potential energy [29]. The absorption of impact energy and comparable characteristics are highly dependent on the fiber properties [30]. In this study, the correlation between Charpy impact test values and BF content was strong, and the R2 was 0.90. The addition of BF enhanced the Charpy impact test values of the geopolymer specimens. The Charpy impact test results were 13.65, 24.4, 28.65, and 29.8 Kgf-m for series 0 BF, 4 BF, 8 BF, and 12 BF, respectively. The Charpy impact test results increased by 78.75%, 109.89%, and 118.32% for series 4 BF, 8 BF, and 12 BF, respectively, compared to series 0 BF. The Charpy impact test results increases are shown in Figure 7.




3.4. Water Absorption


After 28 days, the capillary water absorption test was performed on the samples, and the results are shown in Figure 8. In this study, the amount of water absorbed over time was determined as a function of the area in contact with the water, and the capillary water absorption curves shown in Figure 8 were obtained using formula two given in Section 2.3.3. Series 0 BF absorbed the least amount of water, and series 12 BF absorbed the most water compared to the other series. Increasing the BF percentage increased the amount of water absorbed, as shown by the slopes of the capillary water uptake. The percentage increase in water absorption was 9.38%, 11.88%, and 18.13% for 4 BF, 8 BF, and 12 BF, respectively, compared to sample 0 BF. These results are supported by the slopes of the capillary water uptake tests. Figure 9 also shows the capillary water absorption coefficient (Kc) values of fly ash-based geopolymer mortar samples containing BF in different proportions. The water absorption coefficient (Kc) values were determined using the least-squares method. The percentage increases in the water absorption coefficients of samples 4 BF, 8 BF, and 12 BF were 9.04%, 10.55%, and 17.99%, respectively. As a result of capillary water absorption of fly ash geopolymer samples containing BF in different ratios, increasing the content of BF increased the amount of water absorbed by the samples. This increase is because the addition of BF improves pore connectivity at large volume fractions. Similar results were obtained in [21,31].




3.5. High-Temperature Results


3.5.1. Weight Measurement Results


The behaviors of the produced geopolymer specimens after a high-temperature test were analyzed and compared with samples cured at 20 °C for 28 days. Fly ash-based samples were exposed to 200 °C, 400 °C, 600 °C, and 800 °C temperatures to perform the high-temperature test. Figure 10, Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15 showed the weight loss, compressive strength, flexural strength, UPV, and damage degree values of fly ash geopolymer samples after and before the high-temperature test. After 400 °C, the increase in weight loss ratio was observed, as seen in Figure 10. The 12 BF samples had the smallest weight loss, and the 0 BF had the highest weight loss. After 800 °C, the weight loss percentages of 0 BF, 4 BF, 8 BF,12 BF were 8.73%, 8.49%, 8.38%, and 8.17% respectively. The inclusion of BF slowed down the weight reduction. This occurred as a result of BF’s ability to limit the high-temperature cracks in the samples. Thus, reducing the formation of cracks reduced the samples’ weight loss exposed to the high-temperature effect. Sahin et al. [32] investigated the effect of basalt fiber on metakaolin-based geopolymer mortars, and they found that the inclusion of BF reduced weight reduction. Generally, the interface bonds between paste and aggregate weaken at high temperatures, leading to weight loss [33,34]. For example, the weight loss percentages of 12 BF samples exposed to 200 °C, 400 °C, 600 °C, and 800 °C were 1.26%, 4.26%, 7.18%, and 8.17 respectively.




3.5.2. Compressive and Flexural Strength Results


The Compressive strength and flexural strength tests were performed on geopolymer mortar samples which exposed to 200 °C, 400 °C, 600 °C, and 800 °C. Then the results of the samples conducted after and before the high-temperature test were compared. The strength tests were conducted to study the effect of high temperature on the fly ash-based geopolymer mortars’ mechanical properties contained BF. Figure 11 and Figure 12 show the results of the compressive and flexural strength of the fly ash-based geopolymer samples. The 12 BF mix had the highest compressive and flexural strength results, and the 0 BF mix had the lowest compressive and flexural strength results. Thus, the BF improved the mechanical properties of the geopolymer samples. The increases of the results of 4 BF, 8 BF, 12 BF samples exposed to 800 °C were 9.01%, 12.79%, and 15.79% for compressive strength and 11.61%, 32.87%, and 44.69% for flexural strength, respectively compared to 0 BF samples. In addition, the increases of the results of 12 BF samples exposed to 200 °C, 400 °C, 600 °C, and 800 °C were 14.31%, 17.18%, 18.65%, and 15.79% for compressive strength and 36.94%, 39.95%, 37.80%, and 44.69% for flexural strength, respectively compared to 0 BF samples.



At 200 °C, the flexural and compressive strengths of the samples did not change significantly (Figure 11 and Figure 12), but beyond 400 °C, the reduction rate of compressive and flexural increased more. Endothermic processes caused these reductions. Dehydration and water vapor of free water occurred concurrently with the processes in the matrix structure of the geopolymer [8,35,36]. In addition, the flexural strength decreases due to the high-temperatures effect were lower than the compressive strength decreases. Where the decreases of the strength of the 12 BF samples exposed to 200 °C, 400 °C, 600 °C, and 800 °C were 7.53% 28.17%, 41.36%, and 54.57% for compressive strength and 2.27%, 14.02%, 33.71%, and 44.32%for flexural strength, respectively compared to the samples not exposed to high-temperature test.



The vapor action emphasized the decrease of compressive and flexural strength as the temperature rose. The geopolymer matrix structure’s water transformed into vapor whenever the specimens were exposed to high temperatures. Additionally, increasing temperatures make the Al SiO gel composition crystallized in the geopolymer matrix, causing more microcracks [37]. When the temperature surpassed 100 °C, the internal pressure rose steadily. This scenario produced microcracks in the geopolymer specimens due to crystallization stress. Thermal fractures and thermochemical breakdown in crystal lattices were apparent as the temperature rose. While the sample’s strength values decreased, it became more brittle, and fragile cracking appeared. In addition, when the temperature surpassed 100 °C, there was a substantial thermal incompatibility between the paste and the aggregate in geopolymer. Increased temperature also caused microcracks in the aggregate-paste interface transition region, resulting in thermal incompatibilities [38].




3.5.3. Ultrasonic Pulse Velocity (UPV) Results


The UPV test of fly ash geopolymer samples was conducted, and using the UPV results, the damage degrees of samples were calculated (Figure 13). The 12 BF samples had the highest UPV, and the 0 BF had the smallest UPV. Where the UPV results of 0 BF, 4 BF, 8 BF, 12 BF samples exposed to 800 °C were 2512.05, 2627.69, 2700.42, and 2785.63 m/s respectively. Thus, the addition of BF in the fly ash geopolymer samples increased the UPV. The UPV readings dropped as the temperature rose for all samples. Due to evaporation in the interior structure, the pore size grew, and the continuity reduced, resulting in this situation [39]. When the UPV findings were compared to the mechanical results, it was observed that the values were almost consistent. At high temperatures, the interface bonds between the aggregates and pastes of the samples weaken, resulting in a reduction in UPV [33]. Where the UPV results of 12 BF samples exposed to 200 °C, 400 °C, 600 °C, and 800 °C were 3312.63, 3190.17, 3020.59, 2905.46, and 2785.63 m/s, respectively.



In addition, the damage degrees of the fly ash-based geopolymer samples exposed to high temperatures were performed. The damage degrees of the fly ash-based geopolymer samples containing BF are shown in Figure 14. The width and number of the cracks of fly ash-based geopolymer samples increased as the high temperatures increased. The UPV values were used to evaluate the degree of damage. In previous studies, Singh and Gupta [40] were used the UPV values to perform the damage degree in their study. A proportional relationship was obtained between the damage degrees and the increase of high temperatures in all series. In addition, as Figure 14 shows, the increase in basalt content decreased the damage degrees of fly ash-based geopolymer mortar samples containing BF with different ratios. The performed damage degrees were ranged between 3.69% for 12 BF samples exposed to 200 °C and 17.42% for 0 BF samples exposed to 800 °C. In other words, the UPV values of the samples exposed to the high-temperature effect were smaller than the initial UPV values of the samples. Thus, high-temperature increases increased the damage degrees of geopolymer samples. The damage degrees of the 12 BF samples at temperatures of 200 °C, 400 °C, 600 °C, and 800 °C were 3.70%, 8.82%, 12.29%, and 15.91%, respectively. This result is compatible with the weight measurement and mechanical strength tests performed in the study. The damage degrees of 0 BF, 4 BF, 8 BF and 12 BF samples exposed to 800 °C were 17.42%, 16.41%, 16.29%, and 15.91%. In addition, the damage degrees of 0 BF, 4 BF, 8 BF, and 12 BF samples exposed to 200 °C were 4.54%, 4.38%, 4.04%, and 3.70%. Thus, the increase in the BF ratio decreased the damage degrees. This situation was because BF inhibited high-temperature cracks in the samples and limited the damage.




3.5.4. Visual Assessment of High-Temperature Test


Fly ash-based geopolymer mortar samples exposed to various temperatures are shown in Figure 15. In general, it was found that the color of the samples and BF exposed to 200 °C and 400 °C did not change compared to the samples not exposed to the high temperature (20 °C). The color of samples exposed to 600 °C and 800 °C changed from gray to brown and white spots were formed in the cross-section. In addition, the BF of the samples exposed to 600 °C and 800 °C changed in color. Unequal volume changes between geopolymer components caused by temperature exposure were referred to as thermal incompatibility of components. This situation also resulted in microcracks in the interfacial transition zone between the geopolymer paste and the aggregate. Microcracks were also increased because of the loss of homogeneity [38].



A 40× magnification microscope was used to examine better the complexity of the outer surfaces of the BF-containing geopolymer samples exposed to high temperatures. The preliminary visual evaluation determined that series 12 BF was the most compact series, as the BF content was higher than the other series. For this reason, 12 BF samples were selected to be examined under the microscope. The microscope images of the 12 BF samples subjected to the high-temperature tests are shown in Figure 16.



Figure 16a,b show that the geopolymer mortar samples exposed to 200 °C and 400 °C did not show any cracks on the surface and the samples maintained their compactness. Figure 16c shows that superficial microcracks formed on the outer surfaces of the geopolymer mortar specimens exposed to 600 °C. Figure 16d shows that the outer surfaces of the specimens exposed to the transition from 600 °C to 800 °C loosened due to superficial cracks, and the cracks were filled with dust formed due to the deteriorated outer surfaces and the aggregates emerged from under the outer surface. As a result, it was observed that the compactness of the geopolymer samples exposed to 600–800 °C deteriorated significantly due to dehydration [8,41].




3.5.5. SEM and EDS Analysis


SEM images of 0 BF and 12 BF samples not exposed to high-temperature tests are shown in Figure 17. As Figure 17a,b shows, 0 BF samples without basalt contained microcracks. The basalt-containing 12 BF samples shown in Figure 17c,d prevented the formation of cracks with the effect of basalt, and it was seen that the 12 BF samples were more compact. The BF acted as a bridging agent, slowing the formation of fractures [42]. In addition, SEM images of both 0 BF and 12 BF samples contain N-A-S-H gel and unreacted FA particles. This finding is consistent with previous fly ash-based geopolymers discovered in the literature [43].



Moreover, SEM images of 12 BF samples exposed to 200 °C, 400 °C, 600 °C, and 800 °C are shown in Figure 18. In Figure 18a,c, it was seen that the structure of the BF of 12 BF samples exposed to 200 °C and 400 °C was the same and did not change. In addition, the 12 BF samples exposed to 200 °C were more compact and had fewer microcracks than the samples exposed to different high temperatures. In this study, the authors were noticed that the matrix of 12 BF samples started to form microcracks after 400 °C and became less compact than the samples exposed to 200 °C. As shown in Figure 18e, voids were formed in the sample exposed to 600 °C due to dehydration and evaporation. Figure 18g shows that the sample exposed to 800 °C had more voids than the sample exposed to 600 °C. Additionally, the voids formed caused volume reduction and structural deterioration of the sample. After exposure to high temperatures, the samples’ evaporation rate and water losses increase, leading to structural deterioration and increased formation defects [44].



Moreover, EDS traces of the 0 BF and 12 BF samples not exposed to high-temperature test and 12 BF samples exposed to high-temperature test are shown in Figure 19. Figure 19a,b show that Si/Al ratios of 0 BF and 12 BF fly ash-based geopolymer samples exposed to high-temperature tests are 2.18 and 2.16, respectively. Thus, no significant change was observed in the Si/Al ratio of 12 BF compared to 0 BF. The Si/Al ratio of 12 BF samples exposed to 200 °C, given in Figure 19c, increased to 2.72. Additionally, it was observed that the increase in Si/Al ratio of 12 BF samples exposed to 400 °C given in Figure 19d decreased to 2.41. Figure 19e,f show that the Si/Al ratios of 12 BF samples exposed to 600 °C and 800 °C, respectively, decreased to 2.12 and 2.02. These results are consistent with the study conducted by Abdulkareem et al. [45]. They found that the Si/Al ratio decreased when the fly ash paste samples were exposed to 800 °C.






4. Conclusions


This research examined the impact of BF on a geopolymer based on FA and filled with waste BP. The following summarizes the findings of the tests conducted:




	
The study revealed that adding BF to fly ash-based geopolymer mortars improved compressive strength after 28 days. Compressive strength increased by 6.43%, 9.65%, and 11.94% for 4 BF, 8 BF, and 12 BF, respectively.



	
BF greatly improved flexural strength. The inclusion of BF decreased the number of fractures during the flexural test by transferring the flexural load. Flexural strength increased by 7.72%, 25.512%, and 34.15% for 4 BF, 8 BF and 12 BF after 28 days. Additionally, in the 12 BF series, flexural strength increased 2.86 times larger than compressive strength. Thus, the addition of basalt increased flexural strength more than compressive strength.



	
A good relationship was found between Charpy impact test results and BF content. It improved the Charpy impact test results of the geopolymer specimens after 28 days. As compared to series 0 BF, the Charpy impact test results improved by 78%, 109%, and 118% for series 4 BF, 8 BF, and 12 BF, respectively.



	
The increase in basalt content of fly ash-based geopolymer mortars affected negatively by increasing the water absorption ability. This increase occurred because of the inclusion of BF, which improved pore connectivity at high volume fractions. Additionally, the water absorption coefficients of 4 BF, 8 BF, and 12 BF samples increased by 9.04%, 10.55%, and 17.99%, respectively.



	
The addition of BF slowed down the weight decreases. The 12 BF samples lost the least weight, while the 0 BF samples lost the most. After 800 °C, the weight loss percentages of 0 BF, 4 BF, 8 BF, 12 BF were 8.73%, 8.49%, 8.38%, and 8.17% respectively. At elevated temperatures, the interface bonds between the paste and aggregate deteriorate, resulting in weight loss. Consequently, the increase of high temperatures increased the weight loss percentages of geopolymer samples.



	
The BF improved the compressive and flexural strengths of the samples after and before the high-temperature test. The increases of the compressive and flexural strengths of 4BF, 8BF, 12BF samples exposed to 800 °C were 9.01%, 12.79%, and 15.79% for compressive strength and 11.61%, 32.87%, and 44.69% for flexural strength, respectively compared to 0 BF samples. Thus, the high-temperature effect reduced flexural strength more than compressive strength.



	
BF inhibited high-temperature cracks and limited the damages. Thus, the increase in basalt content decreased the damage degrees of fly ash-based geopolymer mortar samples. After the high-temperature test, the damage degrees of samples ranged from 3.69 to 17.42% for 12 BF samples. Additionally, the damage degrees of the samples exposed to high-temperature effects increased proportionally with the increase in high temperatures.



	
The color of the samples and BF exposed to 200 °C and 400 °C did not change significantly compared to the samples exposed to 20 °C. Additionally, the samples exposed to 600 °C and 800 °C turned from gray to brown. Dehydration also affected the compactness of the geopolymer samples exposed to 600–800 °C.



	
After 400 °C, 12 BF samples developed microcracks and became less compact than the 12 BF samples exposed to 200 °C. In addition, the Si/Al ratio of 12 BF samples exposed to 800 °C decreased compared to 12 BF samples exposed to 20 °C. After exposure to 600 °C and 800 °C, the samples’ evaporation rate and water loss rise, resulting in structural deterioration.
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Figure 1. The materials used in geopolymer mortars: (a) Fly ash; (b) slag; (c) basalt powder; and (d) basalt fiber. 
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Figure 2. Crack images of 12 BF specimens subjected to flexural strength test magnified at (a) 4×; (b) 40×. 
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Figure 3. (a) Charpy impact test procedure; (b) Samples exposed to Charpy impact test. 
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Figure 4. The relationship between the compressive strength and the content of BF in geopolymer series. 
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Figure 5. The relationship between the flexural strength and the content of BF in geopolymer series. 
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Figure 6. The relationship between the UPV and the content of BF in geopolymer series. 
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Figure 7. The increases of Charpy impact test values of fly ash-based geopolymers. 
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Figure 8. The amount of water absorbed per m2 of fly ash-based geopolymer mortar samples contained BF with different ratios. 
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Figure 9. Fly ash-based geopolymer mortar samples’ capillary water absorption coefficient (Kc) contained BF with different ratios. 
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Figure 10. The weight loss percentages of fly ash-based geopolymer samples exposed to high temperatures. 
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Figure 11. The effect of high temperature on compressive strength of BF contained fly ash-based geopolymer. 
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Figure 12. The effect of high temperature on flexural strength of BF contained fly ash-based geopolymer. 
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Figure 13. The effect of high temperature on UPV of BF contained fly ash-based geopolymer. 
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Figure 14. The damage degree of fly ash-based geopolymer samples exposed to high temperature. 






Figure 14. The damage degree of fly ash-based geopolymer samples exposed to high temperature.



[image: Sustainability 13 12610 g014]







[image: Sustainability 13 12610 g015 550] 





Figure 15. Fly ash-based geopolymer samples exposed to various temperature effect (a) 0 BF; (b) 4 BF; (c) 8 BF and (d) 12 BF. 
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Figure 16. 40x magnified microscope images of 12 BF samples exposed to high-temperature effects (a) 200 °C; (b) 400 °C; (c) 600 °C; (d) 800 °C. 
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Figure 17. 2500 and 5000 times magnified SEM images of 0 BF sample (a,b) and 12 BF sample (c,d). 
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Figure 18. 2500 and 5000 times magnified SEM images of 12 BF sample exposed to 200 °C (a,b); 400 °C (c,d); 600 °C (e,f) and 800 °C (g,h). 
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Figure 19. EDS traces of (a) 20 °C exposed 0 BF sample; (b) 20 °C exposed 12 BF sample; (c) 200 °C exposed 12 BF sample; (d) 400 °C exposed 12 BF sample; (e) 600 °C exposed 12 BF sample and (f) 800 °C exposed 12 BF sample. 
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Table 1. The physical and chemical properties of FA, S, and BP materials.
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	Materials
	SiO₂
	Al₂O₃
	Fe₂O₃
	TiO₂
	CaO
	MnO
	MgO
	K₂O
	Na₂O
	SO₃
	Cl-
	Loss of Ignition
	Specific Gravity
	Blaine (cm2/g)





	FA (%)
	54.08
	26.08
	6.681
	-
	2.002
	-
	2.676
	-
	0.79
	0.735
	0.092
	1.36
	1.98
	2571



	BP (%)
	56.9
	17.6
	8.1
	0.9
	8.15
	0.1
	2.1
	1.9
	3.8
	-
	-
	-
	2.76
	6285



	S (%)
	40.55
	12.83
	1.1
	-
	35.58
	-
	5.87
	-
	0.79
	0.18
	0.0143
	0.03
	2.9
	2612
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Table 2. The chemical properties of SS (wt. %).
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	Na₂O (%)
	SiO₂ (%)
	Density (20 °C) (g/mL)
	Fe (%)
	Heavy Metals Value (pb) %





	9.68
	26.12
	1.367
	<0.005
	<0.005
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Table 3. The chemical properties of SH (%).
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	NaOH (g/kg)
	Na₂CO₃ (g/kg)
	SO4
	Fe
	Cl
	Al





	≥990
	≤4
	≤0.01
	≤0.002
	≤0.01
	≤0.002
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Table 4. Basalt fiber properties.
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	Diameter (mm)
	Length (mm)
	Elasticity Module (GPa)
	Nominal tensile Strength (MPa)
	Specific Gravity





	0.02
	12
	88
	4100
	2.73
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Table 5. Mix design of fly ash-based geopolymer mortar series (kg/m3).
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	Series
	FA
	Slag
	SS
	SH
	BP
	BF (Volume %)





	0 BF
	550
	71
	261
	128
	1100
	-



	4 BF
	550
	71
	261
	128
	1100
	4



	8 BF
	550
	71
	261
	128
	1100
	8



	12 BF
	550
	71
	261
	128
	1100
	1.2
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