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Basalt fiber and cement-based materials have been widely applied in engineering structures. In this context, the durability of basalt-fiber-reinforced ordinary silicate mortar was systematically studied under exposure to unilateral salt freezing. The mechanical durability, chloride ion diffusion characteristics, and microscopic pore characteristics of cement mortar with basalt fiber content levels in the range of 0 kg/m3–1.5 kg/m3 were tested under exposure to 0–40 freeze–thaw cycles. The relationships of changes in the internal pore structure with mass loss, mechanical damage, and the physical properties of the material were also analyzed under exposure to salt freezing cycles. The results demonstrated that even a small amount of basalt fiber could significantly improve the mechanical properties of cement mortar under unilateral salt freezing and its resistance to salt freezing erosion. In particular, cement mortar with 1.2 kg/m3 basalt fiber content exhibited good durability of compressive and flexural strength, while the specimens with no basalt fibers exhibited a relatively large degree of internal porosity under exposure to unilateral salt freezing. Our work provides concrete evidence for changes in the porosity of mortar under exposure to unilateral salt freezing, with these changes showing an exponential relationship with mortar mass loss and a strong linear correlation with changes in the compressive strength, flexural strength, and chloride ion diffusion coefficient of the material.
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1 INTRODUCTION
The durability of cement-based concrete structures is greatly affected by freeze–thaw action, ion corrosion, and dry–wet cycle action. More specifically, these actions generate a negative impact on the safety of use of cement-based structures during their design life (Hu et al., 2020). The mechanical and physical properties of a cement-based material structure will be damaged as working time increases under the action of road-defrosting salt or within a saline soil environment, as in the northeast region of China. It has been reported in the literature that freeze–thaw cycles (FTCs) lead inevitably to surface erosion in concrete and significantly decrease its compressive strength (Qiu et al., 2020). Basalt fibers have high mechanical strength, elevated thermal stability, and good alkali corrosion resistance (Dhand et al., 2015; Fiore et al., 2015). As a result, the prominent utilization of basalt fibers as synthetic fibers for engineering applications has attracted the attention of the scientific community during the last decade (Ahmed and Lim, 2021). Basalt fibers are currently used in civil engineering materials because of their good mechanical and physical properties (Ahmad and Chen, 2018).
According to the literature, fiber-reinforced cement-based materials produce better engineering performance because the inclusion of basalt fibers into cement-based materials can improve the performance of the raw materials in engineering applications to a remarkable degree (Yan et al., 2019). This basalt-fiber-reinforced concrete is composed of cement-based composite materials. The basalt can improve the toughness of the cement mortar, and the impact of short basalt fibers is most significant (Ye et al., 2010). Various experimental studies reported on in the literature have demonstrated that the durability of the cement material structure can be significantly improved by the addition of an appropriate amount of basalt fiber, and the enhanced tensile properties and durability of basalt fiber can effectively improve the tensile resistance of the concrete (Hong et al., 2022). It has also been reported that the incorporation of basalt fiber into cement mortar or cement concrete in a particular proportion can also effectively improve the compressive and flexural strength of the material (Zhao et al., 2010; Rambo et al., 2015).
Pehlivanlı reported that the inclusion of fiber instead of quartz could increase the flexural and compressive strength of autoclaved aerated concrete, while reinforcement of autoclaved aerated concrete with basalt fibers can improve the fiber-related properties and adherence (Pehlivanlı et al., 2015). Katkhuda reported that the application of chopped basalt fibers minimally enhanced the compressive strength of recycled concrete, but significantly improved its flexural and splitting tensile strength (Katkhuda and Shatarat, 2017). In another interesting publication, Sun stated that concrete reinforced with 6-mm basalt fibers displayed better performance in terms of compressive and splitting tensile strength, and the maximum strength could be achieved with 2% basalt fibers (Sun et al., 2019). In addition, Wu studied the mechanical and microstructural properties of basalt fiber–slag powder–fly ash concrete (BF-SF-FAC), revealing that the use of 0.18% basalt fibers produced the best frost resistance, while the average chord length was identified as a primary factor in the amount of damage to the BF-SP-FAC (Wu et al., 2021). Su demonstrated that the use of basalt fibers had a greater impact than polypropylene fibers in terms of reducing the chloride content of concrete, and fractal dimension exhibited a strong positive correlation with the chloride diffusion coefficient (Su et al., 2022). Khan studied the influence of hybrid basalt fiber length and content on the properties of cementitious composites, and reported that the impact of reinforcement with four kinds of fibers of different lengths was far superior to that of reinforcement with single-length fibers at the same volume fraction (Khan and Cao, 2021). Zhang studied the mechanical properties of a new form of recycled concrete with basalt fibers incorporated. In this study, it was found that the mechanical properties of recycled concrete gradually improved at a replacement ratio of 50%, and the basalt fibers significantly improved the interface transition zone of the recycled concrete (Zhang et al., 2021).
Haidao investigated the behavior of homogeneous and hybrid self-consolidating concrete (SCC) mixtures fortified with basalt fibers, and found that the addition of basalt fibers played a notable role in improving the slant shear strength of hybrid concrete at elevated temperatures (Haido et al., 2021). Yang tested the surface strain field and tracked the development of surface cracks during a uniaxial compression test of basalt-fiber-reinforced concrete, reporting that adding an appropriate amount of basalt fiber can delay the early cracking of the concrete (Yang et al., 2021). Yavuz Bayraktar and colleagues examined the physico-mechanical and thermal properties and durability of basalt-fiber-reinforced foamed concrete, and verified the positive impact of basalt fibers with a high content of ground granulate blast furnace slag (GGBFS) on the compressive strength of foamed concrete specimens with a fly ash (FA) content of 100 kg/m3 (Yavuz Bayraktar et al., 2021). Gencel conducted various experiments and proved that the incorporation of basalt fibers at 0%–3% content increased the flexural strength of foam concrete by up to 88%, whilee reducing drying shrinkage and increasing the integration of paste in the material (Gencel et al., 2022). Zhou and colleagues demonstrated that the inclusion of basalt fibers can significantly improve the toughness and crack resistance of concrete, and that the basalt fibers had a more pronounced impact on the tensile and flexural strength of the concrete than on its compressive strength (Zhou et al., 2020).
Based on the above-mentioned studies, it can be inferred that the macroscopic mechanical properties of basalt-fiber-reinforced concrete have been extensively examined in the literature (Kizilkanat et al., 2015; Jiao et al., 2019; Chen et al., 2021). Moreover, the application of basalt fibers in concrete and the corrosion resistance of basalt-fiber-reinforced concrete have been tested (Khan et al., 2021; Xiong et al., 2022). However, there are very few reports in the literature on the durability and model-building properties of basalt-fiber-reinforced concrete. Therefore, it is imperative to further study the relationships between the microstructural, physical, and mechanical properties of basalt-fiber-reinforced concrete. The underlying mechanism of reinforcement in basalt fiber cement-based materials should be thoroughly investigated to gain deep insights into their macromechanical and physical properties. At the same time, understanding the macroperformance of basalt-fiber-reinforced concrete in terms of its microstructural properties is extremely significant. From this perspective, in the present study, an extensive set of experiments was performed to study the frost resistance properties of fiber-reinforced cement mortar with basalt fiber content ranging from 0 kg/m3 to 1.5 kg/m3. The mechanical and physical properties of cement mortar specimens under unilateral freeze–thaw action were systematically investigated. The compressive strength, flexural strength, chloride ion diffusion properties, and microstructure of cement mortar specimens were tested, and the enhancing impact of basalt fibers on cement mortar under unilateral salt FTCs was analyzed. The relationships between the microscopic pore characteristics and macromechanical and physical changes in the basalt-reinforced cement mortar under the application of unilateral freeze–thaw action were examined. Additionally, the failure mechanism of basalt-fiber-reinforced mortar was studied.
2 MATERIALS AND METHODS
The binding material used in this study was 42.5 ordinary silicate white cement (Hebei Huaxue). China ISO standard sand (Xiamen Aisiou standard sand Co., Ltd.), with a particle size ranging from 0.08 mm to 2.0 mm, was used as the fine aggregate. A water-to-cement ratio of 0.5, with ordinary tap water, was used to mix the mortar, and high-strength basalt fibers with a length of 6 mm were mixed into the mortar. The properties of the cement and basalt fibers are presented in Table 1.
TABLE 1 | Cement and basalt fiber properties.
[image: Table 1]The mortar specimens were fabricated according to the ordinary concrete mechanical properties test method standard GB/T 50081-2002. Two sizes of mortar specimen were studied, namely, 70 × 70 × 70 mm3 and 40 × 40 × 160 mm3, with basalt fiber contents of 0% kg/m3, 0.6 kg/m3, 0.9 kg/m3, 1.2 kg/m3, or 1.5 kg/m3. The cement mortar was cured at a humidity of 95% and an environmental temperature of 20°C ± 2°C. The initial mechanical properties were tested after 7 d and 28 d of curing. Subsequently, the specimens were placed into a unilateral freeze–thaw test chamber, as shown in Figure 1 in order to perform the durability test, and the mechanical properties, physical properties, and microscopic pore characteristics of each specimen were investigated after the specified number of FTCs. The freeze–thaw experiments were carried out according to the specified unilateral concrete freezing method of the Chinese Standard GB/T 50082–2009 (GB/T 50082-2009, 2019), and the mechanical experiments were carried out according to the Standard GB/T50081-2019 (GB/T50081-2019, 2019).
[image: Figure 1]FIGURE 1 | Unilateral salt freezing test chamber.
A YAW-300 concrete flexural compressive testing machine (Jinan Zhongluchang Testing Machine Manufacturing Co., Ltd.) was used to test the compressive and flexural strength of basalt-reinforced cement mortar. An HC-RCTF quick tester [Jianyan Huace (Hangzhou) Technology Co., Ltd.] was used to analyze the chloride ion concentration in each layer of the concrete material under freeze–thaw action in an NaCl solution. The MesoMR12-060H apparatus (Suzhou NIUMAG Analytical Instrument Corporation, Suzhou, China) was employed to investigate the microscopic porosity properties of basalt-fiber-reinforced mortar. An SU8010 positron emission scanning electron microscope (SEM) (Hitachi High-tech Company) was also used to examine the microstructural characteristics of the material, and an X’Pert III Powder X-ray powder diffraction machine (Malvern Panalytical Ltd., Eindhoven, Netherlands) was utilized to ascertain the composition of the material every 25 FTCs. The concrete specimens were analyzed by conducting XRD measurements using X’Pert III equipment. The samples were ground into a powder after the curing period for XRD analysis. CuKα radiation was recorded in the 2θ range of 10°–70° using a single-channel detector. Nuclear magnetic resonance (NMR) wave testing was conducted using the MesoMR12-060H instrument, with a magnetic field intensity of 0.3 ± 0.05 T. Finally, the Carr–Purcell–Meiboom–Gill (CPMG) sequence was used to characterize the lateral relaxation time spectra (T2) of the pore size of the concrete structure (Zhou et al., 2018).
3 RESULTS AND DISCUSSION
3.1 Changes in mechanical properties
In order to study the changes in the mechanical properties of the basalt-fiber-reinforced cement mortar specimens, the specimens were placed into a unilateral freeze–thaw test chamber to perform the freeze–thaw experiments after the 28-d standard curing period. Additionally, the mechanical properties of the specimens were investigated after every 10th freeze–thaw cycle. The pattern of changes in the compressive and flexural strength of specimens with varying basalt fiber content under the influence of unilateral freeze–thaw action in a salt solution is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Changes in the mechanical properties of specimens with different levels of fiber content. (A) Compressive strength. (B) Flexural strength.
The mechanical properties of each type of mortar attained their maximum values after the specimens were cured for 28days. Interestingly, the specimens with added basalt fiber content ranging from 0.6 kg/m3 to 1.5 kg/m3 exhibited good mechanical persistence under unilateral freeze–thaw action in a salt solution. Compared to the mechanical properties of the specimens without any basalt fiber content, the average compressive strength of the specimens with basalt fiber content in the range 0.9 kg/m3–1.5 kg/m3 was increased by 3.86%, 2.89%, 2.73%, 2.83%, 12.72%, and 30.21%, and the flexural strength by 11.59%, 12.3%, 15.55%, 21.38%, and 21.33%, when the specimens were measured after curing for 7 d, after curing for 28d, and under the application of 10, 20, 30, and 40 unilateral FTCs, respectively. Compressive and flexural strength were highest in the specimens with a basalt fiber content of 1.2 kg/m3, and those specimens had the highest values for these mechanical properties across all conditions in terms of the number of FTCs. Compared to the mechanical properties of the specimens with no basalt fiber content, the average compressive strength of the specimens with a basalt fiber content of 1.2 kg/m3 increased by 6.88%, 7.27%, 8.33%, 11.82%, 20.68%, and 43.75%, and flexural strength by 17.54%, 14.49%, 15.38%, 18.33%, 24.52%, and 28%, when the specimens were measured after curing for 7 d, after curing for 28d, and under the application of 10, 20, 30, and 40 unilateral FTCs, respectively.
When the basalt-fiber-reinforced cement specimens were compared, it was observed that the specimens with a basalt fiber content of 0.9 kg/m3–1.5 kg/m3 exhibited superior mechanical properties to the others. The compressive and flexural strength of the specimens without added fibers were lower overall, and the durability of the mechanical properties of these specimens was inferior to that observed in the basalt-fiber-reinforced specimens. As per earlier reports, a small amount of basalt fiber can fill some pores of larger size, and the fibers overlapping each other can play a bridging role in ensuring the bonding force between the aggregate and cement mortar matrix. Therefore, an accurately calibrated level of basalt fiber content can enhance the strength of the structure (Chen et al., 2021). However, although the incorporation of fibers can play a bridging role, when basalt fibers are incorporated into the cement mortar at a content ratio greater than 1.2 kg/m3, the incorporation of this much fiber destroys the original structural pores. The fibers are mixed together, and some fibers are stacked with each other. Thus, the increase in fiber content decreases the contact area between the fiber, aggregate, and cement mortar, leading to a decrease in matrix adhesion. As a result, the strength of cement mortar decreases as fiber content increases beyond 1.2 kg/m3. Therefore, it can be inferred that the incorporation of a small proportion of basalt fiber into cement mortar produces improvement in its mechanical strength and mechanical durability under exposure to unilateral freezing, and the optimum basalt fiber content for enhanced compressive and flexural strength was determined to be 1.2 kg/m3.
The results for compressive and flexural strength in the case of a 7-d curing period were found to be between the corresponding results for the specimens exposed to 20 and 30 FTCs. Although the results on compressive strength were similar for specimens with varying levels of basalt fiber content, they exhibited wide variation in flexural strength. The maximum difference from baseline in compressive strength was 6.8% for specimens with basalt fiber content in the range of 0.6 kg/m3–1.5 kg/m3, and the minimum difference was 1.44%. The maximum difference from baseline in flexural strength was 17.54% for specimens with basalt fiber content in the range of 0.6 kg/m3–1.5 kg/m3, and the minimum difference was 2.0%.
For the specimens tested after a 28-d curing period, both compressive and flexural strength showed an approximately linear decrease with an increasing number of unilateral freezing cycles, as shown in Figure 3. After 40 FTCs, the rate of loss of compressive and flexural strength was greater for the specimens with no basalt fiber content than for the specimens with basalt fiber content . Moreover, the specimens with varying levels of basalt fiber content exhibited major deterioration of their mechanical properties under 40 FTCs as compared with the specimens that only underwent the standard 28-d curing process. The compressive strength of the specimens with 0 kg/m3, 0.6 kg/m3, 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 basalt fiber content was decreased by 59.1%, 53.64%, 51.32%, 45.24%, and 48.59%, respectively. The flexural strength of the specimens with 0 kg/m3, 0.6 kg/m3, 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 basalt fiber content decreased by 27.54%, 23.53%, 22.07%, 18.98%, and 22.67%, respectively. Based on these results, it can be inferred that the mechanical properties in terms of compressive and flexural strength were superior in the case of the specimens with 1.2 kg/m3 basalt fiber content, in comparison to the other specimens. Compared to the specimens without any basalt fiber content, the loss of compressive strength under exposure to 30 and 40 FTCs could be reduced on average by 13.74% and by 18.18%, respectively, and the loss of flexural strength loss could be reduced on average by 29.07% and by 22.85%, respectively, with the addition of 0.9 kg/m3 to 1.5 kg/m3 basalt fiber content. Hence, the incorporation of 0.6 kg/m3–1.2 kg/m3 basalt fiber content into these specimens resulted in improvements to their mechanical properties under exposure to an increasing number of FTCs.
[image: Figure 3]FIGURE 3 | mechanical properties of specimens under exposure to different numbers of FTCs. (A) Compressive strength. (B) Flexural strength.
Based on the results acquired on compressive and flexural strength and the ratio of compressive to flexural strength under exposure to FTCs for the specimens with varying basalt fiber content, the following expressions were constructed to fit the mechanical damage model:
[image: image]
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where fcw and ffw are the compressive strength and flexural strength, respectively, of the cement specimens after a 28-d curing period. fc and ff represent the compressive strength and flexural strength, respectively, of the cement specimens under exposure to varying numbers of FTCs. Furthermore, t denotes the number of FTCs, m and n are weight coefficients for the FTCs, ρ is the basalt content, and a, b, c, and d are weight coefficients representing the influence of basalt fiber content on mechanical strength. The mechanical damage model for the compressive and flexural strength of cement specimens with basalt fiber content in the range of 0 kg/m3–1.5 kg/m3 under exposure to 0–40 FTCs can be derived based on regression analysis using the least squares method. The regression analysis models are presented in Figure 4.
[image: Figure 4]FIGURE 4 | Models of mechanical damage. (A) Compressive strength. (B) Flexural strength.
It can be observed that the errors between the results of the strength test and the predictions of the model were within 10%, which proves that the accuracy of this model is well. The deterioration in compressive and flexural strength showed a strong linear relationship with the number of FTCs. Additionally, the degree of mechanical damage over 0–40 FTCs demonstrated a strong relationship in the form of a cubic parabola with level of basalt fiber content for cement mortar with basalt fiber content in the range of 0 kg/m3 to 1.5 kg/m3. Hence, the aforementioned values indicate the most suitable level of basalt fiber content for enhancing the compressive and flexural strength of basalt-reinforced mortar.
3.2 Chloride ion diffusion properties
The chloride ion resistance of cement concrete has a direct influence on the corrosion-related characteristics of the steel bars inside the concrete structure (Yan, 2015). Chloride ion corrosion is the primary factor affecting the durability of a concrete structure, and the durability problems caused by chloride ions that induce erosion in marine environments have become a serious and arduous challenge in the field of civil engineering (Cao, 2013). Therefore, it is of major importance to study the characteristics of chloride ion diffusion in cement-based materials. In this study, the concentration of chloride ions inside the concrete was examined to investigate the influence of basalt fiber content on the resistance of each specimen to chloride ion diffusion inside the structure when 70 mm3 × 70 mm3 × 70 mm3 specimens with different levels of basalt content were subjected to unilateral freeze–thaw action. The pattern of variation of the concentration of chloride ions inside the material at different depths from the erosion surface with the number of FTCs is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Changes in chloride ion concentration under exposure to (A) 10, (B) 20, (C) 30, and (D) 40 cycles of unilateral salt freezing.
The results indicated that the chloride ion diffusion concentration was essentially similar in specimens with different levels of basalt content. The results represented an exponential relationship between the change in chloride ion concentration and distance from the erosion surface. More specifically, chloride ion diffusion concentration under exposure to 10–20 FTCs was reduced, in descending order, for the specimens with 0.9 kg/m3, 1.2 kg/m3, 0.6 kg/m3, 1.5 kg/m3, and 0 kg/m3 basalt content. Similarly, under exposure to 30–40 FTCs, the concentration was also reduced, in descending order, for the specimens with 0.9 kg/m3, 1.2 kg/m3, 0.6 kg/m3, 0, and 1.5 kg/m3 basalt content.
The mortar without added fibers was better able than specimens with a small amount of added fiber to resist chloride ion diffusion during the initial freeze–thaw stage, when the chloride ion concentration was lower in specimens without fiber than in specimens with fiber content. Compared to the specimen with no basalt fiber content, chloride ion concentration was increased by 96.45%, 179.12%, 146.89%, and 31.97%, on average, for the specimens with 0.6 kg/m3, 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 fiber content, respectively, for an erosion distance in the range of 0–20 mm. This result indicates that although the incorporation an appropriate amount of basalt fiber into cement mortar can improve its compressive and flexural strength under exposure to unilateral FTCs, it has a negative impact on its resistance to chloride ion erosion. The ability of the mortar without basalt fiber content to resist chloride ion diffusion gradually decreased with an increasing number of FTCs. In addition, after 40 FTCs, the chloride ion concentration in the specimen without basalt fiber was higher than that in the specimen with 1.5 kg/m3 basalt fiber content. In comparison to the specimen without basalt fiber, the chloride ion concentration in the range of 0–20 mm from the surface of the specimen increased by 19.88%, 48.55%, and 42.4% on average for the specimens with 0.6 kg/m3, 0.9 kg/m3, and 1.2 kg/m3 basalt fiber content, respectively, and decreased by 12.2% for the specimen with 1.5 kg/m3.
As can be observed from the experimental data obtained, the variation in chloride ion diffusion concentration with erosion distance in the cement specimens took the form of an exponential relationship for specimens with different levels of basalt content under unilateral freeze–thaw action. The driving force of the diffusion of chloride ions was mainly the difference in concentration between the internal concrete and the external environment. Fick’s second law can be applied to describe the process of chloride diffusion in saturated concrete (Zhang et al., 2010) and can be expressed by the following equation:
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where C(x,t) (%) is the chloride ion concentration at a depth of x from the erosion surface at the age of erosion t, C0 (%) denotes the initial chloride ion content, Cs (%) represents the initial chloride ion content of the eroded surface, D (mm2/s) represents the apparent chloride diffusion coefficient, x (mm) represents the erosion distance from the eroded surface, t (d) is the erosion age, and erf(z) is the error function. On the basis of the experimental tests of chloride ion diffusion concentration in specimens with different levels of basalt fiber content under 0–40 FTCs, the chloride diffusion coefficient D for each specimen group, as calculated by Equation 2, is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Variation in chloride ion diffusion coefficient for basalt-fiber-reinforced cement mortar. (A) Variation with basalt fiber content. (B) Variation with number of FTCs.
The goodness of fit measure R2 for the chloride ion diffusion coefficients of basalt-fiber-reinforced cement mortar according to Fick’s second law was above 0.9, which indicates that this law can be used to describe the properties of basalt fiber-reinforced cement mortar with respect to chloride ion diffusion under exposure to unilateral salt FTCs. The chloride ion diffusion coefficients of the specimens with basalt fiber increased with the number of unilateral FTCs, and an exponential growth law could be extracted for the relationship between chloride ion diffusion coefficient of and number of FTCs. Compared with the coefficient for specimens after 10 FTCs, the chloride ion diffusion coefficient increased by 22.97%, 23.53%, 22.13%, 21.66%, and 6.99% after 20 FTCs and by 130.63%, 114.86%, 95.74%, 122.6%, and 58.46% after 40 FTCs for the specimens with 0 kg/m3, 0.6 kg/m3, 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 basalt fiber content, respectively. Hence, it can be observed that the chloride ion diffusion coefficient of the different specimens increased with the number of FTCs. This is because the pores inside the cement specimens increased with the number of FTCs, which accelerated the diffusion of chloride ions in the structure.
The parabolic change exhibited extreme values for the chloride diffusion coefficient of each basalt-fiber-reinforced cement specimen under exposure to different numbers of FTCs. Under exposure to 10–40 unilateral FTCs, the chloride diffusion coefficient of specimens with a basalt fiber content of 0.9 kg/m3 was greater than those of the other specimens with basalt fiber content in the range of 0 kg/m3–1.5 kg/m3. Compared to the specimen without basalt fiber, the chloride ion diffusion coefficient increased on average for specimens with a basalt fiber content of 0.6 kg/m3–1.2 kg/m3 by 78.68%, 77.78%, 70.12%, and 62.63% under exposure to 10, 20, 30, and 40 FTCs, respectively. Similarly, for the specimen with a basalt fiber content of 1.5 kg/m3, the chloride ion diffusion coefficient increased by 22.52% and 6.59% under exposure to 10 and 20 FTCs, respectively, and decreased by 8.58% and 15.82% under exposure to 30 and 40 FTCs, respectively.
3.3 Change in pore characteristics
The mechanical and chloride ion diffusion properties of basalt-fiber-reinforced cement mortar were clearly altered under exposure to unilateral salt freezing. Hence, there was a need for further investigation of variation in the pores within the specimens under unilateral freeze–thaw action. Low-field nuclear magnetic resonance is a non-destructive testing method that has been widely used to examine the properties of cement-based materials (Xue et al., 2020; Xing et al., 2021). The method measures the variation in the transverse relaxation signal of the hydrogen atoms inside the material and obtains the intensity information corresponding to different transverse relaxation times. As a result, details of the variations in the pore size and pore proportion of the material can be derived (Dong et al., 2020). In this study, cement specimens with 0 kg/m3–1.5 kg/m3 basalt fiber content, cuboid in shape and 40 mm3 × 40 mm3 × 100 mm3 in size, were initially tested after the standard 28-d maintenance and vacuum water retention process. Subsequently, the specimens were placed into a box for the experiment, in which they were subjected to unilateral FTCs. The T2 spectra of the specimens with different levels of basalt fiber content were measured using low-field nuclear magnetic resonance technology after 0, 20, and 40 FTCs; the variations observed in the T2 spectrum are presented in Figure 7. In the T2 spectrum plots, the horizontal coordinate represents relaxation time, which is an index of pore size inside the specimens, and the vertical coordinate represents the relaxation signal, which denotes the proportion of pores at each size inside the specimens.
[image: Figure 7]FIGURE 7 | T2 spectra for basalt-fiber-reinforced cement mortar specimens with (A) 0 kg/m3 basalt fiber content, (B) 0.6 kg/m3 basalt fiber content, (C) 0.9 kg/m3 basalt fiber content, (D) 1.2 kg/m3 basalt fiber content, and (E) 1.5 kg/m3 basalt fiber content.
As can be observed from the T2 spectrum per unit mass, the T2 spectrum of each specimen mainly presents three peaks, indicating that there were three main classes of pore size in the cement mortar. Each relaxation time of the T2 spectrum corresponds to a specific pore size: micropores and transition pores (<2.5 ms), middle-sized pores (2.5–100 ms), and large pores and cracks (>100 ms) (Lu et al., 2019). The greatest proportion of pores in the specimens were micro- and transition pores, which correspond to the first peak in the T2 spectrum. Relatively few pores fell into the categories of medium pores or macropores and cracks, which are denoted by the second and third peaks in the T2 spectrum, respectively. The strongest negative influence on the mechanical properties of cement is the presence of macropores and cracks, denoted by the third peak in the T2 spectrum. All component signals of the T2 spectrum gradually increased with the number of unilateral FTCs for specimens with different levels of basalt fiber content; this effect was not as clear for the increase in the first peak, but it was relatively clear for the increase in the second and third peaks. Thus, the proportion of medium pores and macropores and cracks in the structure was increased under exposure to unilateral FTCs. This outcome (i.e., the variable speed of increase of each peak in the spectrum) also indicates the different trends for each pore size in terms of its ratio to the total number of pores within the structure under an increasing number of FTCs. Under exposure to more FTCs, the proportion of micropores and transition pores gradually decreased, while the proportions of medium pores and of macropores and cracks gradually increased.
The T2 spectrum with the maximum total area was observed for the specimen without basalt fiber, and the minimum was observed for the specimen with 1.5 kg/m3 basalt fiber content. In general, the total volume of the internal pores within the mortar without basalt fiber was the largest, while the volumes of internal pores were generally smaller within the mortar with basalt fiber were generally smaller than within those without fiber. Compared to the specimen without basalt fiber, the overall signal of the T2 spectrum was decreased by 11.19%, 10.74%, 8.28%, and 9.98% on average after 28-d standard curing, and by 9.75%, 8.15%, 7.44%, and 13.65% on average after exposure to 10–40 FTCs for the specimens with 0.6 kg/m3, 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 basalt fiber content, respectively. The total number of peaks in the T2 spectrum gradually increased for each specimen with exposure to an increasing number of unilateral FTCs, which indicates that the number of pores within the specimens gradually increased with the continual action of unilateral salt freezing. Moreover, compared to the total volume of the pores within the specimens before freezing, the total volumes of pores within the structure increased by 7.38%, 8.98%, 9.98%, 10.39%, and 5.11% for specimens with 0 kg/m3, 0.6 kg/m3, 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 basalt fiber content, respectively, after 20 FTCs; the volume increased by 26.58%, 28.94%, 29.52%, 24.48%, and 16.61%, respectively, after 40 FTCs. Therefore, it can be concluded that the incorporation of an appropriate level of basalt fiber content into cement mortar can reduce the degree of porosity inside the material caused by internal damage under exposure to unilateral salt freezing.
Each peak area of the T2 spectrum increased with exposure to an increasing number of unilateral FTCs, as shown in Figure 8. Compared to the case before exposure to freezing, under exposure to 10–40 FTCs, for the cement specimens with 0.6 kg/m3, 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 basalt fiber content, the first peak of the T2 spectrum indicates that micropores and transition pores inside the material increased by 5.24%, 2.06%, 6.64%, 6.90%, and 4.16% on average, respectively. Moreover, the second peak of the T2 spectrum signified that the volume of medium pores inside the material increased by 255.2%, 287.77%, 252.46%, 173.26%, and 105% on average, respectively, while the third peak of the T2 spectrum denoted that macropores and cracks inside the material increased by 57.62%, 66.69%, 111.99%, 96.62%, and 41.48% on average, respectively.
[image: Figure 8]FIGURE 8 | Variation in T2 spectrum peaks for mortar with basalt fiber. (A) Overall T2 spectrum signal. (B) First peak of the T2 spectrum. (C) Second peak of the T2 spectrum. (D) Third peak of the T2 spectrum.
Each peak area of the T2 spectrum for the specimens with basalt fiber was not necessarily below that of the specimen without basalt fiber. The spectra for the specimen with no basalt fiber content were compared to those of the specimens with fiber content after the specimens were subjected to 10–40 unilateral salt freezing cycles. The first peak of the T2 spectrum indicated that the total micropores and transition pores inside the material was decreased by 15.95%, 8.50%, 6.12%, and 10.08% on average for specimens with 0.6 kg/m3, 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 basalt fiber content, respectively. The second peak of the T2 spectrum indicated that the total medium pores inside the material was decreased by 19.2%, 21.56%, and 43.04% for specimens with 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 basalt fiber content, respectively, but increased by 31.45% on average for the specimen with 0.6 kg/m3 basalt fiber content. Finally, from the pattern in the third peak of the T2 spectrum, it can be inferred that macropores and cracks inside the material were decreased on average by 1.88%, 0.26%, and 20.44% for specimens with 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 basalt fiber content, respectively, but increased by 33.67% on average for the specimen with 0.6 kg/m3 basalt fiber content.
As can be observed from the overall set of changes in micropores, transition pores, medium pores, macropores, and cracks occurring inside the basalt-reinforced cement specimens under exposure to unilateral salt freezing, the greatest rate of increase in the quantity of pores inside the structure was detected for the specimen with 0.9 kg/m3 basalt fiber content. In the overall comparison, a reduced pore density inside the specimen with 1.5 kg/m3 basalt fiber content was also detected. Beyond this, the increase in medium pores, macropores, and cracks was minimal for specimens with 0.9 kg/m3–1.5 kg/m3 basalt fiber content, demonstrating that the incorporation of an appropriate level of basalt fiber content in cement mortar could improve the resistance of structuresb to damage caused by unilateral freezing.
3.4 Composition and morphological properties
The specimens with 1.2 kg/m3 basalt fiber content were experimentally tested using an X’Pert Ⅲ Powder X-ray powder diffractometer to analyze the characteristics of their composition under exposure to varying numbers of FTCs. The test powder was taken from the material within the specimen at a distance of 2 mm from the erosion surface after 20 and 40 FTCs, and the recorded XRD spectra are shown in Figure 9.
[image: Figure 9]FIGURE 9 | XRD spectra for a single specimen.
Based on the XRD spectra for the cement mortar, it can be observed that the main components of the material were gel (C-S-H), silica (SiO2), calcium hydroxide (Ca(OH)2), calcium carbonate (CaCO3), and calcium sulphoaluminate hydrate (AFt/AFm). The salts gradually seeped into the interior of the structure, crystallized, and produced high crystallization pressure with an increasing number of FTCs. The composition of ettringite gradually increased under the continual action of these FTCs. In striking contrast, the composition of calcium hydroxide (Ca(OH)2) decreased, and that of calcium carbonate (CaCO3) gradually increased with NaCl seepage.
An SU8010 position emission scanning electron microscope (SEM) was employed to investigate the microstructure characteristics of the cement mortar specimens after unilateral salt freezing. The material with a 1.2 kg/m3 basalt fiber content after 40 FTCs was used as a representative specimen. The SEM scanning images of this material are presented in Figure 10.
[image: Figure 10]FIGURE 10 | SEM scanning images of the specimen at (A) × 5,000; (B) × 5,000; (C) × 1,000; (D) × 1,000.
The basalt fiber bonded well with the slurry, the microstructure of the mortar was denser, and the use of an appropriate amount of fiber can enhance the mechanical properties of the mortar before the material is subjected to freeze–thaw action. The interface of the aggregate and basalt fibers remained smooth under continual exposure to FTCs, but the pores and cracks inside the structure were clearly detected through SEM imaging. The number and width of these cracks gradually increased, and cracks also appeared at the interface between the basalt fiber and cement mortar under exposure to freeze–thaw action. This result demonstrates that continual freeze–thaw action will result in the formation of micro-cracks within the structure and in detachment of the interface of the fibers with the cement slurry. As a result, the compressive and flexural strength of the material will be reduced, and the chloride ion diffusion coefficient will be increased. Therefore, the mechanical properties of the mortar will deteriorate, and their related physical properties will also be negatively affected.
3.5 Correlation between porosity and mass
The basalt-fiber-reinforced cement mortar specimens were subjected to water freeze–thaw action and salt erosion under unilateral salt freezing. Hydrostatic pressure, osmotic pressure, and expansion pressure are generated inside the structure under the action of pure water freeze–thaw, all of which cause damage to the performance of the concrete. Salt crystallization pressure also induces major damage to concrete structures when the material is subjected to freeze–thaw action under exposure to salt solution. Crystallization and osmotic pressure caused by a difference in salt concentration are also induced inside a structure when the material is subjected to multiple cycles of freeze–thaw action under exposure to salt solution, which result in cracking damage to the concrete(Xiaoping, 2013). Exfoliation occurs on the outer surface of the specimen, resulting in reduction of its mass as the number of FTCs increases. The pattern of variation in the mass loss of the specimens under exposure to unilateral salt freezing cycles is displayed in Figure 11.
[image: Figure 11]FIGURE 11 | Loss of mass from specimens under exposure to salt freezing.
The mass loss for each specimen gradually increased with unilateral salt freezing. Compared with the specimens prior to being subjected to freezing, after 40 FTCs, the maximum mass loss of 19.03% occurred in the specimen with no basalt fiber, and the minimum loss of mass of 6.56% occurred in the specimen with 1.5 kg/m3 basalt fiber content. Compared with the specimens without basalt fiber, the mass loss was reduced by 20.23%, 50.74%, 20.06%, and 65.53% for the specimens with 0.6 kg/m3, 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 basalt fiber content, respectively. As can be observed, the incorporation of basalt fiber can reduce the mass loss occurring in cement mortar under exposure to freeze–thaw action.
The equations fitting internal porosity variation to the mass loss of the specimens are shown in Figure 12. The pattern of variation of internal porosity with mass under unilateral salt freezing revealed a strong exponential change relationship for the specimens with 0 kg/m3, 0.6 kg/m3, 0.9 kg/m3, 1.2 kg/m3, and 1.5 kg/m3 basalt fiber content, and the goodness of fit, R2, was above 0.959 when the exponential equation was used. This result indicates that the action of unilateral salt freezing leads to the generation of internal damage inside the structure, which increases porosity more critically than erosion at the specimen surface and causes loss of mass.
[image: Figure 12]FIGURE 12 | Curves fitting the relationship between porosity and change in mass.
3.6 Correlation between porosity and mechanics
The compressive and flexural strength values gradually reduced, and the internal porosity gradually increased when the specimens with basalt fiber content were subjected to unilateral salt freezing. Specimens with basalt fiber content of 1.2 kg/m3, 1.5 kg/m3, 0.9 kg/m3, 0.6 kg/m3, and 0 kg/m3 correspond to the changes of the compressive and flexural strength values from large to small after 40 FTCs. Hence, comparing the change of mechanical properties and porosity suggests a correlation between the mechanical properties and microscopic pore structure characteristics.
The unit mass of the specimen without basalt fiber contained the highest degree of porosity, and its mechanical properties and durability were relatively bad under unilateral salt freezing. The porosity increase in specimens with basalt fiber was relatively slow, and the mechanical properties were enhanced after unilateral freezing. The increment was the smallest for the second and third peaks of the T2 spectrum of the specimens with basalt fiber content of 1.2 kg/m3 and 1.5 kg/m3, and the compressive and flexural strengths of those specimens were better. As a result, it is apparent that there is a certain correlation between the change of the internal pores and the change in the mechanical properties of the material under freeze–thaw action. Therefore, the variation of the internal porosity with the compressive and flexural strength can be fitted using a mathematical equation. The fitting results of the basalt-fiber-reinforced cement mortar specimens under unilateral salt freezing are shown in Figure 13.
[image: Figure 13]FIGURE 13 | Curves fitting the relationship between porosity and (A) compressive strength; (B) flexural strength.
The growth of the porosity inside the mortar yielded a good negative linear correlation with the change of the compressive and flexural strength of the mortar for the specimens with a basalt fiber content of 0 kg/m3–1.5 kg/m3 under unilateral salt freezing. Thus, it can be concluded that the porosity inside the mortar will increase under the action of hydrostatic pressure, expansion pressure, and salt crystallization pressure caused by unilateral salt freezing, resulting in internal damage to the microstructure of the concrete. This internal structural damage is directly related to the compressive and flexural strength of the mortar and indicates that the increase in the porosity will directly and negatively affect the macroscopic mechanical properties of the mortar.
3.7 Correlation between porosity and chloride ion diffusion
Internal porosity and chloride ion diffusion coefficient both increased with an increase in the number of FTCs, as can be ascertained from the previous analysis. Curves fitting the relationship between internal porosity and chloride ion diffusion coefficient for basalt-reinforced mortar under exposure to unilateral salt freezing are illustrated in Figure 14.
[image: Figure 14]FIGURE 14 | Fitting curve of chloride ion diffusion coefficient changes with porosity.
The growth of porosity within the specimens exhibited a strong positive linear correlation with the change in the chloride ion diffusion coefficient for cement mortar with 0–1.5 kg/m3 basalt fiber content under exposure to unilateral salt freezing. This outcome demonstrates that internal porosity increases under exposure to continual unilateral salt freezing cycles, and internal microstructure damage resulted in an increase in chloride ion diffusion coefficients for the specimens under these conditions. As a result, the ability of the mortar to resist chloride ion erosion under freeze–thaw conditions will be gradually reduced and this will have a serious impact on the durability and safety of concrete structures.
Based on a comparison of the variation in chloride ion concentration and porosity characteristics, it can be argued that there are two main factors influencing the speed of chloride ion diffusion in cement: the porosity of the structure and the interface transition zone (ITZ) in the structure (Xu, 2018). Interestingly, the incorporation of fibers may increase the ITZ in the mortar, and exposure to unilateral freezing action could increase the internal porosity of the mortar. Therefore, considering the impact of these two aspects, we can explain the fact that, although porosity was higher in the mortar without basalt fibers than in the specimens with basalt fiber, the internal chloride ion concentration and diffusion coefficients were lower. A comparison of the changes in the porosity in the mortar with no basalt fibers and the mortar with 1.5 kg/m3 basalt fiber content shows that although porosity per unit mass and the three peaks of the T2 spectrum were both higher for the specimen without basalt fiber than for those with 1.5 kg/m3 basalt fiber content, the chloride ion diffusion coefficient was similar for each of these specimens. This result demonstrates that the influence of internal porosity and fiber content should be comprehensively considered in studying the diffusion coefficients of chloride ions for mortar with incorporated fiber.
4 CONCLUSION
Incorporation of basalt fiber at a content ratio ranging from 0 kg/m3–1.5 kg/m3 into normal Portland cement mortar can improve the compressive and flexural strength of cement mortar after a standard curing period of 7 d–28 d and under exposure to unilateral salt freezing. The optimum basalt fiber content was determined to be 1.2 kg/m3. Changes in the compressive and flexural strength of basalt-reinforced cement mortar showed a linear relationship with the number of FTCs, and that showed cubic parabolic relationship with basalt fiber content.
The resistance of the properties of basalt-fiber-reinforced cement mortar to chloride ion diffusion may be affected both by its internal porosity characteristics and also by the interface transition zone within the structure. The variation in the chloride ion diffusion in cement mortar conforms to Fick’s second law under exposure to unilateral salt freezing, and the diffusion coefficients show exponential growth with the number of FTCs.
Use of an appropriate level of basalt fiber content in cement mortar can reduce the internal damage caused by unilateral salt freezing. The porosity of the internal structure increases under continual exposure to unilateral salt freezing. The increase in micro- and transition pores within the structure was not found to be significant, but the increase in medium pores, macropores, and cracks was notable and had a major impact on the mechanical properties of the material.
Exposure to the continual action of FTCs will lead to the detachment of the basalt fiber and cement-based interface. This effect will result in a decline in compressive and flexural strength and in an increase in the chloride ion diffusion coefficient. As a result, the mechanical properties will deteriorate, and the related physical properties of cement mortar under will be negatively affected under exposure to FTCs.
In this study, the change in porosity within the structure exhibited an exponential relationship with the change in mass. Additionally, linear change was observed for the changes in the compressive strength, flexural strength, and chloride ion diffusion coefficient for basalt fiber-reinforced cement mortar under exposure to unilateral salt freezing.
The effects of basalt fiber length, size of cement mortar specimens, cement ratio, and aggregation ratio were not examined in this study, and the mechanisms underlying damage to basalt-fiber-reinforced cement material need to be further studied.
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