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The high-belite calcium sulfoaluminate cement (HB-CSA) has displayed outstanding acid resistance. However, further research is needed to understand the mechanism behind its acid resistance fully. This study investigates the resistance of a new type of HB-CSA to hydrochloric and sulfuric acid. Additionally, the impact of the ye'elimite (C4A3[image: image])-to-gypsum (C[image: image]) ratio on the acid resistance of HB-CSA is discussed. The resistance performance is investigated by flexural strength and resistance index analyses, X-ray diffraction (XRD), thermogravimetric analysis (TGA), electronic computed tomography (CT) scans, and scanning electron microscopy (SEM). The results show that the HB-CSA exhibits superior resistance to sulfuric acid and hydrochloric acid compared to Portland cement. The absence of portlandite contributes to the enhanced performance of HB-CSA. In addition, as the C4A3[image: image]-to-C[image: image] ratio decreases, the content of Aft in HB-CSA increases, leading to an increase in the acid resistance of HB-CSA.
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1 INTRODUCTION
Acid wastewater like domestic wastewater (Congressional budget office, 2002), acid mine drainage (AMD) (Wu et al., 2020a), and cooling towers at power plants (Berndt, 2011) has become a serious global problem due to its adverse impact on the environment and infrastructure (Wu et al., 2020b). As the most widely used structural material, concrete determines the durability of the industrial acidic aqueous treatment (or containment) infrastructure or potentially acid-attack infrastructure (Joorabchian, 2010). However, due to the poor acid corrosion resistance of concrete, repair and reconstruction of acidic aqueous treatment (containment) or acid-attack infrastructure are expensive and time-consuming every year (Congressional budget office, 2002).
The pH of the acid-attack environment usually ranges from 3 to 5 (Larreur-Cayol et al., 2011; Yue et al., 2011; Ninan et al., 2021) or even less than 3 under some special circumstances (Gutiérrez-Padilla et al., 2010). The acid-erosion process of the concrete takes place through a combination of three main mechanisms (Beddoe and Dorner, 2005): 1) the ingress of the acid into the pore solution releases the H+ ions to decrease the pH in the pore solution; 2) the free OH− and alkali in the pore solution are progressively consumed by neutralizing the H+ ions, reducing the pH of the pore solution and increasing the dissolution of portlandite from the matrix; and 3) C-S-H starts dissolving due to the reduction in pH. In addition, when the concrete made using ordinary Portland cement (OPC) is exposed to a sulfuric acid environment, the dissolution of CH occurs followed by the formation of gypsum (CaSO4·2H2O). This process introduces further damage due to sulfate attack, i.e., expansion due to ettringite formation and subsequent cracking, as reported by Beddoe (2016). Following this, data suggest that the chemical erosion rates of sulfuric acid are faster than those of hydrochloric acid and nitric acid (Bassuoni and Nehdi, 2007). The corrosion of hydration products in the concrete makes the structures looser, reducing the strength and impermeability of concrete, representing a potentially major safety hazard and durability issues (Girardi et al., 2010). Studies on concrete to increase the resistance to acid attack have focused on decreasing the ratio of water to cement (w/c) to make the mortar denser (Kim et al., 2014) and mixing supplementary cementing materials (SCMs), such as fly ash (FA), granulated blast furnace slag (GBFS), and silica fume (SF), to decrease the alkalinity of concrete (Mlinárik and Kopecskó, 2017). However, these methods have little effect on improving the acid resistance since ordinary Portland cement, the most widely used in civil engineering, has poor resistance to acid corrosion (Imbabi et al., 2012; Xu et al., 2017; Maddalena et al., 2018).
Recently, calcium sulfoaluminate (CSA) cement has emerged as an alternative cementing material owing to its advantages, such as low carbon emissions (Glasser and Zhang, 2001; Gartner, 2004), rapid hardening (Hou et al., 2020), and excellent performance in acid environments (Dyer, 2017; Gartner and Sui, 2018; Yang et al., 2018). Although CSA has many advantages, it has obvious shortcomings. The manufacturing of CSA strongly depends on the high quality of bauxite (Chaunsali and Mondal, 2015), which limits large-scale production. In addition, mechanical properties such as the compressive strength and flexural strength of concrete made using CSA may be reduced after long-term aging because of the expansion caused by the production of a large amount of ettringite (3CaO·Al2O3·3CaSO4·32H2O, AFt) (Ogawa and Roy, 1982; Zhang, 2015). To overcome the shortcomings of CSA, a promising alternative with the rapid setting and hardening of high-belite calcium sulfoaluminate (HB-CSA) cement has been developed (Li et al., 2014). The HB-CSA clinker is mainly composed of ye’elimite (3CaO·3Al2O3·CaSO4, C4A3[image: image]) and belite (2CaO·SiO2, C2S), and the strength of HB-CSA would not decrease at late ages owing to its increased C2S content (Wang et al., 2022). However, since the content of C4A3[image: image] decreases, the early and final strength of HB-CSA is lower than that of CSA (Chi et al., 2021). By adjusting the amount of gypsum and mineral admixtures in cement, the early and final strength of HB-CSA has been significantly increased, and a new type of HB-CSA has been proposed (Zhang et al., 2022). The new type of HB-CSA has been successfully used as a repair material, flooring material, and UHPC. It was also used as the activator to increase the blast slag activity and proposed a high-performance cement named calcium sulfoaluminate-activated supersulfated cement (CSA-SSC) (Sun et al., 2022). Since HB-CSA is a type of CSA, HB-CSA is expected to be an ideal material for acidic aqueous treatment (containment) infrastructure. However, because the mineral content of HB-CSA differs somewhat from that of conventional CSA, particularly in terms of the mass ratio of C4A3[image: image]-to-C[image: image], the acid corrosion resistance of HB-CSA must differ from that of CSA.
This study aims to investigate changes in the chemical components and mechanical evolution of the new type of HB-CSA when exposed to the hydrochloric and sulfuric acid solutions and understand the underlying mechanisms of their evolution under such exposure conditions. Specimens were evaluated based on their changes in flexural strength, composition, and microstructure under the coupling effect of sulfuric acid and sulfuric acid attacks. The influence of the mass ratio of C4A3[image: image] to C[image: image] on the acid corrosion resistance capability of CSA was also discussed.
2 EXPERIMENTAL
2.1 Materials
OPC, CSA, and HB-CSA were used in this research. OPC was prepared using 42.5 R Portland cement (a Chinese cement standard with a 28-day compressive strength of at least 42.5 MPa obtained based on the given ratio). Two types of HB-CSA, namely, HB-CSA-H and HB-CSA-O, were used in this study to investigate the influence of the mass ratio of C4A3[image: image] to C[image: image] on the acid resistance behavior of HB-CSA. Table 1 shows the chemical compositions of CSA, HB-CSA-H, HB-CSA-O, and OPC. Table 2 shows the mass ratio of C4A3[image: image] to C[image: image] for CSA, HB-CSA-H, and HB-CSA-O. It is worth noting that the mass ratio of C4A3[image: image] to C[image: image] in HB-CSA-O is higher than that in HB-CSA-H. This suggests that the content of C4A3[image: image] is more in HB-CSA-O relative to C[image: image]. The fine aggregate was natural sand of 0–6 mm in diameter and crushed stone dust of 0–6 mm in diameter, with a fineness modulus of 2.5.
TABLE 1 | Chemical composition of CSA, HB-CSA-H, HB-CSA-O, and OPC (%).
[image: Table 1]TABLE 2 | C4A3 [image: image]-to-C [image: image] ratio of R-CSA, HB-CSA-H, and HB-CSA-O (-).
[image: Table 2]The hydrochloric and sulfuric acid solutions were diluted with pure water to obtain the required pH. The hydrochloric acid solutions with pH 3 and 4 were prepared as the corrosive solutions since the pH of acid wastewater is usually in the range of 3–5 in acidic aqueous treatment (containment) infrastructure (Larreur-Cayol et al., 2011; Yue et al., 2011; Ninan et al., 2021). In addition, the sulfuric acid solutions with pH 4 and 3 were prepared to investigate the chemical components and mechanical evolution of HB-CSA under the coupling effect of acid and sulfate attacks.
2.2 Mix proportion and sample preparation
HB-CSA (HB-CSA-H and HB-CSA-O), CSA, and OPC mortar specimens with a water–cement ratio of 0.5 and sand–cement ratio of 2.5 were prepared using the following procedure: first, water, sand, and cement were combined in a mixer and then stirred for 3 min. After stirring, the mortar was poured into metal molds of dimensions 10 mm × 10 mm × 60 mm. The mortar with molds was cured at a temperature of 20°C and relative humidity of 95% for 24 h. All the specimens were then de-molded and cured in water at a temperature of 20°C for another 27 days.
Plastic containers sealed with lids were used to hold the specimens and corrosive solutions. Each container contained 27 samples and 6 L of acid solution. Meanwhile, samples soaked in water of the same volume were set as the control group. All the containers were maintained at 20°C. A handheld pH meter was used to detect the acidity of the corrosive solutions at regular intervals, and the hydrochloric and sulfuric acid solutions were restored when the pH of the solution increased by 0.5.
2.3 Test methods
The strength development of HB-CSA and OPC mortar during curing was measured according to the Chinese standard GB/T 17671-2021 (ISO679:2009) and is listed in Table 3. The changes in flexural strength, chemical components, and structural morphology of each type were measured after the specimens were immersed in different acid solutions for 30, 60, 90, 120, 150, 210, 330, and 360 days.
TABLE 3 | Strength development of HB-CSA, CSA, and OPC mortar specimens with a water-to-cement ratio of 0.5 and a sand-to-cement ratio of 2.5 (MPa).
[image: Table 3]As a non-destructive testing method, CT can quickly obtain the realistic internal structure of the specimen after acid erosion for the qualitative characterization of the acid erosion damage degree of the specimen. At the same time, the images obtained by CT can be processed using image processing technology (Li et al., 2022) or computer deep learning (Wu et al., 2003; Que et al., 2023) to quantitatively analyze the width and other related parameters of the cracks and quantitatively evaluate the damage degree of the specimen. In this study, a YXLON FF35 electronic computed tomography (CT) scanner was used for the visual inspection of the specimens before and after being immersed in different acid solutions for different immersion times. The current and voltage used in this test were 120 kV and 200 μA, respectively. The step size was 0.11°, and a two-frame averaging technique was used to form the images.
The average flexural strength of specimens with different immersion times was measured following the three-point bending experiment. The test is performed under load control at a constant rate of 0.78 N/s, and nine specimens were tested per group in this test. The maximum and minimum values were discarded, and the average of the remaining seven values was taken as the test result. The percentage change in flexural strength was also calculated by the strength change between the specimens immersed in acid solutions and water. The percentage change is denoted as the resistance index (K) and can be expressed using Eq. 1 according to the Chinese standard GB/T 50082-2009.
[image: image]
where Fs is the flexural strength of a specimen immersed in acid solutions and Fw is the flexural strength of a specimen immersed in water.
After flexural strength testing, the undamaged part of the specimens was broken into small pieces for chemical and microscopic tests. X-ray diffraction (XRD) was used to analyze the hydration and corrosion products of HB-CSA (HB-CSA-H and HB-CSA-O), CSA, and OPC at the selected ages. Dried samples were ground into a powder with a size of less than 60 μm. The current and voltage of the Bruker D8 Advance 1,600 W instrument were 40 kV and 40 mA, respectively. The radiation source used was Cu-Kα radiation, and the 2θ ranged from 5° to 70°. The step size was 0.01°, and each step took 0.2 s.
Thermogravimetric analysis (TGA) was also used along with XRD to analyze the hydration and corrosion products. A Mettler Toledo TGA/DSC-1600 instrument was used in this test. The ground samples (less than 60 μm) were placed in Al2O3 crucibles and heated from 30°C to 600°C with a 10 K/min heating rate in a nitrogen atmosphere.
Image analysis based on scanning electron microscopy (SEM) is used to analyze visual changes in morphology before and after the acid attack. A cross section of the sample was selected for observation. Crushed samples with a size of approximately 5 mm were selected, and gold spray was applied prior to the test to improve the conductivity. A Nova NanoSEM 450 microscope was used, and the voltage was 10 kV.
3 RESULTS AND DISCUSSION
3.1 Flexural strength evolution
Figure 1 displays the flexural strength changes observed in the specimens immersed in various acid solutions for different immersion times. For specimens immersed in water, the flexural strength of CSA reaches the peak at 90 days and slightly decreases after reaching the peak. The maximum flexural strength of CSA is 9.6 MPa and falls to 9.0 MPa at 360 days of immersion in water. The flexural strength of HB-CSA-H gradually increases as the immersion time increases, reaching stability (approximate peak) after being immersed in water for 360 days. Specifically, the flexural strength of HB-CSA-H increases from 6.50 to 8.65 MPa when the specimens are immersed in water for 360 days. For HB-CSA-O, the trend of flexural strength change in HB-CSA-O is similar to that in HB-CSA-H. However, the early strength of HB-CSA-O (6.15 MPa after 0 days of immersion) is lower than that of HB-CSA-H. On the other hand, the long-term strength of HB-CSA-O (9.41 MPa after 360 days of immersion) is higher than that of HB-CSA-H. The strength increase in HB-CAS-O and HB-CSA-H in the long term may be attributed to the hydration of belite in cement. For OPC, the flexural strength development trends gently after being immersed in water for 360 days. The maximum flexural strength is approximately 10.10 MPa.
[image: Figure 1]FIGURE 1 | Flexural strength changes and resistance indexes of CSA, HB-CSA-O, HB-CSA-H, and OPC immersed in different acid solutions. (A) Flexural strength changes in CSA, (B) flexural strength changes in HB-CSA-O, (C) flexural strength changes in HB-CSA-H, (D) flexural strength changes in OPC, (E) resistance indexes of CSA, HB-CSA-O, and HB-CSA-H immersed in hydrochloric acid at pH 3 for 360 days, and (F) resistance indexes of CSA, HB-CSA-O, and HB-CSA-H immersed in sulfuric acid at pH 3 for 360 days.
When the specimens are immersed in hydrochloric acid, the flexural strength of CSA, HB-CSA-O, and HB-CSA-H show a similar change trend of an increase followed by a decrease in flexural strength. In contrast, the flexural strength of OPC mortar specimens immersed in hydrochloric acid always decreases with the increase in immersion time. Differences in peak flexural strength arrival timing were observed in CSA, HB-CSA-O, and HB-CSA-H. CSA reaches its peak flexural strength after being immersed in hydrochloric acid for 60 days at pH 4 and 3. HB-CSA-O reaches its peak flexural strength after being immersed in hydrochloric acid for 210 days at pH 4 (or 90 days at pH 3), while HB-CSA-H reaches its peak flexural strength after being immersed in hydrochloric acid for 150 days at pH 4 (or 90 days at pH = 3). Based on the test results, it is indicated that CSA, HB-CSA-O, and HB-CSA-H exhibit strong resistance to hydrochloric acid corrosion. Even after being immersed in hydrochloric acid with a pH of 4 for 360 days, the flexural strength of CSA, HB-CSA-O, and HB-CSA-H remains stable at 8.32, 7.57, and 7.9 MPa, respectively. Similarly, after being immersed in hydrochloric acid with a pH of 3 for 360 days, the flexural strength of CSA, HB-CSA-O, and HB-CSA-H remains consistent at 6.02, 5.91, and 5.92 MPa, and the corresponding resistance indexes of CSA, HB-CSA-O, and HB-CSA-H remain 0.670, 0.650, and 0.683, respectively. It is found that the ability of hydrochloric acid corrosion resistance of HB-CSA increases with a decrease in the C4A3[image: image]-to-C[image: image] ratio. After being immersed in hydrochloric acid, the flexural strength of OPC decreases significantly. Specifically, its strength drops from 8.9 to 6.43 MPa after being immersed in hydrochloric acid with a pH of 4 for 360 days and falls from 8.9 to 4.49 MPa after being immersed in hydrochloric acid with a pH of 3 for 360 days.
When immersed in sulfuric acid, the flexural strength of CSA, HB-CSA-O, HB-CSA-H, and OPC experiences an increase in the early stage of immersion. During this stage, the flexural strength of these cement specimens immersed in sulfuric acid is greater than that of the specimens immersed in water for the same time of immersion (except CSA immersed in pH 3 of sulfuric acid). Particularly, for HB-CSA-O and HB-CSA-H, the flexural strength increases notably until 210 days and 150 days of immersion, respectively. However, after reaching the peak of flexural strength, the fall in flexural strength of specimens immersed in sulfuric acid is much faster than that of the specimens immersed in hydrochloric acid. As a result, specimens immersed in sulfuric acid for 360 days have lower flexural strength compared to those immersed in hydrochloric acid with the same pH and immersion time. The resistance indexes of CSA, HB-CSA-O, and HB-CSA-H remain 0.533, 0.466, and 0.625 for specimens immersed in sulfuric acid with a pH of 3 at 360 days. It can be found that the ability of sulfuric acid corrosion resistance of HB-CSA increases with a decrease in the C4A3[image: image]-to-C[image: image] ratio. When OPC is immersed in sulfuric acid, its flexural strength decreases significantly compared to other types of cement. After being immersed in sulfuric acid with a pH of 4 for 360 days, its flexural strength decreases from 8.9 to 5.11 MPa. Similarly, when immersed in sulfuric acid with a pH of 3 for 360 days, its flexural strength drops further to 2.18 MPa.
3.2 Internal structure changing
Figure 2 displays the internal structure morphology obtained by CT for specimens immersed in water, hydrochloric acid solution at pH 3, and sulfuric acid solution at pH 3 for 360 days. The color and density of the samples as shown in the figure positively correlate with the results of CT. Brighter and whiter colors correspond to the matrix, and the black color corresponds to the pores, corrosion pits, and cracks. For CSA and HB-CSA, the corrosion pits and micro-cracks appeared on the surface of the specimens after being immersed in the hydrochloric acid and sulfuric acid solutions at pH 3 for 360 days, which increased the surface roughness of the specimens. However, the morphological integrity in the core of the specimen was well maintained. For OPC mortar specimens, corrosion becomes more severe. Particularly, in the sulfuric acid corrosion, big cracks form on the surface of the specimen and extend into the core of the specimen, which damages the structure of the matrix.
[image: Figure 2]FIGURE 2 | Structure morphology obtained by CT for mortar specimens exposed to water, hydrochloric acid solution, and sulfuric acid solution at pH 3 for 360 days. (A) R-CSA, (B) HB-CSA-H, (C) HB-CSA-O, and (D) OPC.
The solid fractions of specimens immersed in hydrochloric acid and sulfuric acid for 360 days are obtained by calculating the brighter and whiter areas in CT images and summarized in Figure 3. The loss of flexural strength in CSA, HB-CSA-O, and HB-CSA-H when immersed in sulfuric and hydrochloric acid solutions is directly related to the reduction in their solid fraction, as observed from the specimens’ solid fraction combined with their flexural strength test results. The more the solid loss, the more severe the strength loss. In the case of CSA, HB-CSA-O, and HB-CSA-H, the solid fraction of specimens immersed in hydrochloric acid for 360 days is greater than that of the specimens immersed in sulfuric acid. Therefore, the corresponding flexural strength of specimens immersed in hydrochloric acid is higher than that of the specimens immersed in sulfuric acid with the same pH and immersion time. For OPC, serious cracks tend to form in the specimen immersed in sulfuric acid. As a result, the flexural strength of OPC immersed in sulfuric acid for 360 days is significantly lower than that of the specimens immersed in hydrochloric acid with the same pH and immersion time.
[image: Figure 3]FIGURE 3 | Solid fractions of CSA, HB-CSA-O, HB-CSA-H, and OPC immersed in acid at pH 3 for 360 d.
3.3 Changes in microstructure and mineralogy
Figures 4, 5 show the results of XRD and differential thermal analysis (DTG) of specimens immersed in water, hydrochloric acid solution at pH 3 and 4, and sulfuric acid solution at pH 3 for 360 days. For CSA, the main hydration product is AFt. Since gypsum is insufficient to convert all minerals into AFt, some monosulfate (AFm) and alumina gel (AH) are found in the hydration of CSA. In the case of HB-CSA-O and HB-CSA-H, AFt is also the primary product of hydration. However, due to the ample content of gypsum in cement, no AFm is detected in the hydration products. Only a minimal amount of AH is found. In addition, some calcium silicate hydrates are found since HB-CSA-H and HB-CSA-O contain a certain amount of C2S. For HB-CSA-H, the content of AFt is higher than that of HB-CSA-O since the gypsum content in HB-CSA-H is higher than that in HB-CSA-O, resulting in the conversion of AH to AFt. Meanwhile, the content of AH in HB-CSA-H is lower than that in HB-CSA-O. No new products are generated during the corrosion process of CSA, HB-CSA-H, and HB-CSA-O in hydrochloric acid and sulfuric acid. The strength loss of these three types of cement can be attributed to the dissolution of the hydration products. Specimens immersed in sulfuric acid have their hydration products more dissolved than those immersed in hydrochloric acid, ultimately resulting in lower flexural strength. For CSA, the acid corrosion causes a large amount of dissolution of AFt and AFm, but the amount of AH dissolved in CSA is minimal. For HB-CSA-H and HB-CSA-O, in addition to the dissolution of AFt, AH also has a certain amount of dissolution. After 360 days of acid corrosion, the residual content of AFt in HB-CSA-H is higher than that in CSA and HB-CSA-O. Due to this, the flexural strength of the HB-CSA-H specimen immersed in acid is higher than that of the other two types of cement with the same immersion time in acid. For OPC, new hydration products are generated along with the acid corrosion, i.e., Friedel’s salt for hydrochloric acid corrosion and AFt and gypsum for sulfuric acid corrosion. The expansion of gypsum causes cracking and damage to OPC specimens immersed in sulfuric acid.
[image: Figure 4]FIGURE 4 | XRD patterns of CSA, HB-CSA, and OPC specimens after being immersed in hydrochloric acid at pH 3 and 4 and sulfuric acid at pH 3 for 360 days. (A) CSA, (B) HB-CSA-O, (C) HB-CSA-H, and (D) OPC.
[image: Figure 5]FIGURE 5 | DTG patterns of CSA, HB-CSA, and OPC specimens after being immersed in hydrochloric acid and sulfuric acid at pH 3 for 360 days. (A) CSA, (B) HB-CSA-O, (C) HB-CSA-H, and (D) OPC.
SEM images (×3,000 magnification) of mortar specimens immersed in water, hydrochloric acid solution at pH 3, and sulfuric acid solution at pH 3 for 360 days are shown in Figure 6. For OPC mortar specimens, a dense structure consisting of C-S-H is formed in the specimens immersed in water for 360 days. After being corroded by hydrochloric acid and sulfuric acid, the matrix becomes looser and much fibrous product occurs in the specimen immersed in sulfuric acid. Based on the experimental results of TGA, it can be concluded that the fibrous products formed are ettringite and gypsum crystals for OPC immersed in sulfuric acid. The looser structure of OPC immersed in sulfuric acid can be attributed to the production of large-sized gypsum crystals, which cause structural expansion and cracking leading to a decrease in flexural strength. As observed in SEM images, the microstructure of CSA, HB-CSA-H, and HB-CSA-O appears similar when immersed in either hydrochloric acid or sulfuric acid. The only discernible differences are in the size of AFt and the amount of colloidal hydration products. The content of colloidal products in specimens immersed in hydrochloric acid is higher than that in specimens immersed in sulfuric acid. This causes a reduction in the flexural strength of specimens immersed in sulfuric acid compared to those immersed in hydrochloric acid.
[image: Figure 6]FIGURE 6 | SEM images of specimens immersed in water, hydrochloric acid, and sulfuric acid for 360 days.
4 CONCLUSION
This study aims to investigate the changes in the chemical components and mechanical evolution of HB-CSA when exposed to sulfuric and hydrochloric acid solutions and understand the underlying mechanisms of their evolution under such exposure conditions. In addition, the influence of the mass ratio of C4A3[image: image] to C[image: image] on the acid corrosion resistance capability of HB-CSA is also discussed. The following conclusions are drawn:
(1) HB-CSA exhibits superior resistance to sulfuric acid and hydrochloric acid compared to OPC. When the specimens are immersed in hydrochloric acid at a pH of 3 for 360 days, the flexural strength of HB-CSA-O and HB-CSA-H remains 5.91 and 5.92 MPa, respectively. At the same time, the flexural strength of OPC remains only 4.49 MPa. The same results are obtained in the sulfuric acid-corroded specimens.
(2) No new products are generated during the corrosion process of HB-CSA in hydrochloric and sulfuric acid solutions. The strength loss of HB-CSA can be attributed to the dissolution of the hydration products. The HB-CSA specimens immersed in sulfuric acid have a greater dissolution amount of hydration product than those immersed in hydrochloric acid, resulting in lower flexural strength than those immersed in hydrochloric acid.
(3) As the C4A3[image: image]-to-C[image: image] ratio in HB-CSA decreases, the amount of AFt present in HB-CSA increases. AFt has excellent resistance to acid attack, and thus, after being immersed in a certain acid solution for 360 days, the residual content of AFt present in HB-CSA with a lower C4A3[image: image]-to-C[image: image] ratio is greater than that in HB-CSA with a higher C4A3[image: image]-to-C[image: image] ratio. Consequently, after being immersed in a certain acid solution for 360 days, the flexural strength of the HB-CSA specimen with a lower C4A3[image: image]-to-C[image: image] ratio is higher than that of the HB-CSA specimen with a higher C4A3[image: image]-to-C[image: image] ratio.
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