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Foamed concrete, which has excellent performance, has been gradually used to enhance the thermal insulation performance of buildings in recent years. However, there are few studies on the durability of foamed concrete under environmental action. In order to understand the law of damage and deterioration of foamed concrete under dry-wet cycles in acidic environment, the standard sample of foamed concrete was first pre-treated with different times of dry-wet cycles under neutral and two acidic environments, then quality inspection, uniaxial compression test and scanning electron microscope were carried out on the treated foamed concrete by electronic scale, universal testing machine and electron microscope. Accordingly, the deterioration effect and deterioration mechanism of foamed concrete under dry-wet cycles in acidic environment is analyzed. The results show that the quality and uniaxial compressive strength of foamed concrete decrease gradually with the increase of the number of dry-wet cycles in both neutral and two acidic environments; the stronger the acidity of dry-wet cycles, the more the quality of foamed concrete decreases and the more obvious the deterioration effect of uniaxial compressive strength of foamed concrete; the acidic dry-wet cycles will corrode the foamed concrete, resulting in the expansion and consolidation of pores and the appearance of cracks, and the more the number of dry-wet cycles, the more obvious the corrosion effect of the foamed concrete. The research results can provide scientific basis for the analysis of the safety and stability of foamed concrete members under the dry-wet cycle in acidic environment.
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1 INTRODUCTION
Foamed concrete is a new type of porous building material made by mixing foam and cement slurry uniformly (Amran et al., 2015). Compared with traditional concrete, foamed concrete has many characteristics, such as low density, light weight, large pores, strong water absorption, and many advantages, such as good seismic performance and energy absorption, sound absorption and noise reduction, thermal insulation and fire resistance (Raj et al., 2019). In recent years, foamed concrete has been successively applied to various practical projects in various countries (Weigler and Karl, 1980). However, due to the short development time, the current research on the performance of foamed concrete mostly focuses on the selection and ratio of materials (Park et al., 1999; Jones and McCarthy, 2005; Pasupathy et al., 2021; Chandni and Anand, 2018; Nambiar and Ramamurthy, 2006), ignoring various damages in practical applications. This limitation limits the application of foamed concrete in engineering to a certain extent. As an emergent building material, further research on the mechanical properties of foamed concrete is urgently needed.
Foamed concrete has special pore structure, which is often used to improve the thermal insulation, fire prevention and sound insulation of roof or wall in practical engineering (Mydin and Wang, 2011; Oginni, 2015). Therefore, foamed concrete components in practical engineering may be exposed to air for a long time, and the factors affecting their mechanical properties are complex and changeable. For example, in rainy seasons, the high porosity of foamed concrete easily leads to internal infiltration and storage of water, significantly reducing its functionality and service life. In addition, the water in nature is often not completely neutral, but presents a certain acidic or alkaline. Especially in recent years, the increase in industrial emissions of pollutants, resulting in a wide range of acid rain areas around the world, which will seriously threaten the safety and stability of buildings. When foamed concrete is subjected to acidic conditions, its mechanical properties will be significantly affected by the corrosive action of acid. In addition, in rainy seasons, foamed concrete is often in an alternating working environment of dry and wet. Numerous studies have shown that, compared with continuous soaking, the dry-wet cycle has a greater degree of corrosion on concrete (Cody et al., 2001; Polder and Peelen, 2002; Sahmaran et al., 2007; Wang et al., 2011).
For ordinary Portland concrete, researchers have systematically studied its performance under dry-wet cycle, acidic action and alkaline action. Through different experiments, some significant results are obtained from the aspects of strength deterioration, environmental damage mechanism, damage constitutive model and durability. For example, Okochi et al. (2000) used a spray device to test the mechanical properties of concrete under acidic conditions and obtained the effect of acid deposition on the deterioration of concrete structure. In previous studies, weight loss, reduction in compressive strength, and change in dynamic modulus of elasticity were used to evaluate the extent of concrete deterioration due to sulfuric acid attack (Meyer and Ledbetter, 1970; Fattuni and Hughes, 1983). The deterioration of concrete under the action of acid dry-wet cycle was studied by Emmanuel and Sami (1988). The results indicated that the degree of concrete deterioration is increased by alternate wet-dry cycles of exposure to sulfuric acid. Generally speaking, the weight loss of the test specimens increases with a decreasing pH level of the acid solutions (Raju and Dayaratnam, 1984). However, Kong and Orbison (1987) found that a solution with a pH of 3 causes a greater weight loss of concrete than a solution with a pH of 2. Tixier et al. (2000) pointed out that under acidic conditions, the concentration of acid ions entering concrete surface is proportional to the porosity of concrete. Hua et al. (2019) presented an experimental study on the flexural durability of beams strengthened with TRC subjected to dry-wet cycles, the results indicated that increasing the number of dry-wet cycles can significantly exacerbate the diffusion process of chloride ions in concrete and aggravate the deterioration effect of concrete. These tests provide a basic method for scientific research on the damage and deterioration of concrete in acidic environment. However, considering the particularity of the internal pore structure of foamed concrete, whether the existing research results can guide the application of foamed concrete in complex environments is still to be discussed, and the mechanical properties of foamed concrete under the action of dry-wet cycle are still to be studied.
Compressive strength is one of the most important parameters to evaluate the performance of foamed concrete. There are many factors affecting the compressive strength of foamed concrete, such as density, aggregate grading and water-cement ratio. Many studies have found that density is an important factor affecting the compressive strength of foamed concrete (Chung et al., 2019; Samson and Cyr, 2018; Kilincarslan et al., 2018). Generally speaking, the higher the density, the higher the compressive strength of foamed concrete. In addition, the change of the density of foamed concrete will affect its internal pore structure. Previous studies have shown that the porosity of foamed concrete is an internal factor affecting its compressive strength (Kearsley and Wainwright, 2002), and within a certain density range, the porosity has a significant influence on the compressive strength of foamed concrete (Kearsley and Visagie, 2002). Narayanan and Ramamurthy (2000) conducted SEM analysis on foamed concrete, the results showed that uniformly distributed spherical pores is conducive to the improvement of compressive strength of foamed concrete. To sum up, the study of the internal structure change of foamed concrete is the key to understand the mechanism of its strength change. However, there are still few researches on the pore structure change of foamed concrete under environmental degradation, especially under the action of dry-wet cycle.
Based on the above considerations, the standard sample of foamed concrete was adopted as the research object in this study, and the foamed concrete was pre-treated with different times of dry-wet cycle under neutral environment and two kinds of acidic environment. On this basis, the quality of the foamed concrete sample was measured and the uniaxial compression test and electron microscope scanning test were carried out. Then, the variation of the quality and uniaxial compressive strength of foamed concrete under the action of acid dry-wet cycle and the deterioration mechanism of the internal structure of foamed concrete are analyzed.
2 SAMPLE PRE-TREATMENT AND TEST PROCESS
The foamed concrete used in this study is taken from the first section of the complex of Henan Houjiang Enterprise Headquarters, which is mainly used for roof waterproofing. The pouring thickness of foamed concrete is 180 mm, the strength design grade is 1MPa, the dry density is 500 kg/m3, and the size of the cube samples is 100 × 100 × 100mm, the specific mix design is shown in Table 1. In Table 1, the water is Zhengzhou tap water, the cement is 42.5 grade ordinary Portland cement, and the blowing agent is YK type blowing agent produced by Anyang Chuangke Building Materials Co., LTD. The aggregate includes mineral powder and stone powder.
TABLE 1 | Mix design of foamed concrete.
[image: Table 1]2.1 Preparation of dry-wet cycle samples
The pre-treatment of dry-wet cycle included two stages: soaking and air drying. The soaking treatment was carried out in a self-made soaking box. The volume of solution in each soaking box was 6L and the number of soaking samples in each soaking box is 6. It should be noted that due to the low bulk weight of foamed concretes, they will float on the surface of the water during the soaking process, affecting the soaking effect. In order to ensure that the acidic solution can better act on the foamed concrete and improve the accuracy of the test results, the cover plate is placed on the samples during the soaking process to ensure that the samples are fully immersed in the solution. The foamed concrete was subjected to 0 (full drying), 5, 10, and 15 dry-wet cycles respectively, of which one dry-wet cycle was defined as: the foamed concrete was soaked in the soaking box for 3 h and then air-dried for 3 h, as shown in Figure 1. The soaking solution is prepared by mixing distilled water with 37% concentrated hydrochloric acid, and configured as a neutral solution with pH = 7 (without concentrated hydrochloric acid) and two acidic solutions with pH = 5 and pH = 3 according to certain proportions. Three samples were prepared for each group of dry-wet cycles treatment under different conditions to ensure the accuracy of the test results. Before each dry-wet cycle, the pH value of three solutions should be tested and adjusted to ensure that the foamed concrete is subject to the same neutral or acidic action.
[image: Figure 1]FIGURE 1 | Flow chart of one acid dry-wet cycle.
2.2 Test process
The specific test flow is shown in Figure 2. The deterioration effect tests of foamed concrete under the action of dry-wet cycle mainly include uniaxial compression test and microscopic test.
[image: Figure 2]FIGURE 2 | Test process.
Figure 3 shows the physical diagram of the foamed concrete sample after 0 dry-wet cycle (initial sample) and 15 dry-wet cycles under three pH values. As can be seen from the Figure 3, the surface of the foamed concrete after dry-wet cycle in the three environments changed from gray to yellow brown, and the stronger the acidity of the dry-wet cycle solution, the more obvious the color change, which is caused by various chemical reactions in the acidic environment. Specifically, the foamed concrete contains iron powder, which reacts with the acid solution to form yellow trivalent iron ions (Fe3+). And the stronger the acidity, the more intense the chemical reaction. In addition, when the pH of the solution is 3, the surface of the foamed concrete is obviously shed after 15 acidic dry-wet cycles, which indicates that the dry-wet cycles under strong acid environment will cause serious corrosion to the foamed concrete. During the experiment, the pH value of the soaking solution will increase after each dry-wet cycle, which also proves that part of the acidic ions in the solution are consumed by the foamed concrete, resulting in a decrease in the acidity of the solution. Therefore, the pH of the solution should be reformulated before each dry-wet cycle.
[image: Figure 3]FIGURE 3 | Sample diagram after dry-wet cycle under different acidic environment.
After the pre-treatment of the acidic dry-wet cycle, the foamed concrete was subjected to uniaxial compression test by YJS-3-465 microcomputer controlled electronic universal testing machine, and the samples were dried by 101-1EBS electric blast drying oven before the uniaxial compression test. The loading rate of uniaxial compression test is 5 mm/min. During each compression test, the foamed concrete sample is placed in the center of the pressure plate of the testing machine to ensure its vertical compression. Zeiss gemini 360 scanning electron microscope (SEM) was used to test the internal structure of foamed concrete after acid dry-wet cycle. The specific operation is as follows: split the foamed concrete sample after different dry-wet cycling and drying, take small fragments with an area of about 10 cm3 and a thickness of about 2 mm, then observe the internal microscopic morphology of the cross section by scanning electron microscope. The experimental equipment is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Experimental equipment. (A) YJS-3-465 microcomputer controlled electronic universal testing machine; (B) 101-1EBS electric blast drying oven; (C) Zeiss gemini360 scanning electron microscope.
3 ANALYSIS OF EXPERIMENTAL RESULTS
3.1 Quality change
The quality of the foamed concrete samples after drying was measured respectively. The change curve of the quality of foamed concrete samples with the number of dry-wet cycles under three pH conditions is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Quality curve of foamed concrete with the number of dry-wet cycles.
As can be seen from Figure 5, with the increase of the number of dry-wet cycles, the quality of the foamed concrete sample gradually decreases. This is because the stone powder of foamed concrete contains calcium carbonate, which can react with acidic solution to produce carbon dioxide gas, and the escape of carbon dioxide gas resulting in the quality of foamed concrete reduced. The smaller the pH value, the more obvious the quality change. Meanwhile, it can be observed that the soaking solution gradually becomes cloudy, that is, part of the foamed concrete falls off and dissolves in water. Among them, the quality change at pH = 7 is mainly caused by the falling off of dust particles on the surface of the sample, so the quality reduction is the smallest. When the solution is acidic, in addition to the dust falling off the surface of the foamed concrete sample, the acidic solution will also chemically react with the mineral powder or stone powder in the sample to generate gas, and cause corrosion to the internal pores, which jointly leads to the reduction of the sample quality.
3.2 Failure characteristics analysis of uniaxial compression
The failure process of foamed concrete in uniaxial compression test can be roughly divided into four stages: compaction stage, elastic deformation stage, crack propagation stage and failure stage. As shown in Figure 6, taking the initial sample (0 dry-wet cycle) as an example, during the compression process, the internal pores of the foamed concrete were first compressed and the sample became more compact, without significant changes in the surface of the sample; with the further application of the load, the sample reached the state of compaction, the edge of the concrete raised slightly, and small cracks appeared at the surface of the edge; with continued loading, the surface cracks of the sample increased and became larger, and the crack growth of the edge part was more significant, accompanied by debris shedding; as the loading continues, the cracks of the sample gradually expanded and penetrated with the increase of the load, the cracks were formed and the edge parts were bulged; finally, a large area of the sample edge uplift fell off, cracks penetrated through the whole sample of foamed concrete, then the foamed concrete was damaged.
[image: Figure 6]FIGURE 6 | Failure process of foamed concrete under uniaxial compression.
Figure 7 shows the uniaxial compression failure pattern of foamed concrete samples after 15 dry-wet cycles under different acidic conditions. It can be seen from the figure that the stronger the acidity of the dry-wet cycle solution, the more serious the damage of the foamed concrete sample. When the pH of the dry-wet cycle solution is 7, the cracks of the sample after compression failure are less and smaller in scale, and a small amount of the edge part falls off; when the pH of the dry-wet cycle solution is 5, multiple through cracks appear on the surface of the sample after compression failure, and multiple fragments are separated at the same time; when the pH of the dry-wet cycle solution is 3, the surface of the sample after compression failure is covered with cracks, the edge part falls off in a large area, and the surface of the sample is almost completely separated. This is because with the decrease of pH value, the more serious the corrosion of the acidic solution to the foamed concrete, the more cracks and pores are generated inside the foamed concrete, making the damage degree of the foamed concrete sample greater.
[image: Figure 7]FIGURE 7 | Failure modes of foamed concrete under uniaxial compression with different acidic conditions. (A) pH=7; (B) pH=5; (C) pH=3.
It can be observed in Figure 8 that when pH values are both 3, with the increase of the number of dry-wet cycles, the shedding phenomenon of foamed concrete is intensified, the cracks increase, the width of cracks increase, and surface fragments of samples gradually increase. The cracks of foamed concrete after 5 and 10 dry-wet cycles are mainly concentrated on the edge of the sample, while the cracks of foamed concrete after 15 dry-wet cycles are distributed on the whole surface of the sample. This is because the more the number of dry-wet cycles, the longer the acid corrosion time experienced by the foamed concrete, the more and larger pores and cracks appear in the sample after long-term corrosion, and the cracks on the surface and inside expand at the same time during compression, resulting in a more significant degree of damage to the sample.
[image: Figure 8]FIGURE 8 | Failure modes of foamed concrete under uniaxial compression with different number of dry-wet cycles. (A) 5 dry-wet cycles; (B) 10 dry-wet cycles; (C) 15 dry-wet cycles.
3.3 Analysis of uniaxial compression strength degradation
Uniaxial compression tests were carried out on foamed concrete under different dry-wet cycles at neutral and two acidic environments, the stress-strain curves are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Uniaxial compressive stress-strain curve of foamed concrete under dry-wet cycles. (A) pH=7; (B) pH=5; (C) pH=3.
It can be seen from Figure 9 that the stress-strain curve of foamed concrete under the action of different times of wet-dry cycles is generally consistent. The uniaxial compression process of foamed concrete can be roughly divided into several stages according to the change rule of the curves during the compression process: the internal pore compaction stage (curve rising slowly), elastic deformation stage (curve rising straight), crack expansion and through stage (curve from upward trend to downward trend) and failure stage (curve declining slowly).
Figure 10 can more intuitively show several stages of uniaxial compression failure of foamed concrete. During the compaction stage, the internal pores of foamed concrete gradually close, and the stress increases slowly but the strain increases rapidly; then the elastic deformation occurs and the stress-strain curve rises linearly; in the late stage of elastic deformation, when the crack extends to a certain extent, the foamed concrete sample reaches the peak stress, then loses the bearing capacity, and enters the failure stage, that is, the stress no longer increases and the strain further increases.
[image: Figure 10]FIGURE 10 | Uniaxial compression process and failure pattern of foamed concrete.
In addition, it can be seen from Figure 9 that when the number of dry-wet cycles is low, the pore compaction stage is short, and with the increase of the number of dry-wet cycles, the compaction stage gradually becomes longer, and an obvious plastic yield period appears. This is because the dry-wet cycle will dissolve the foamed concrete, resulting in the expansion and consolidation of pores inside the sample, reducing the bonding strength between mineral particles, making the internal structure of the foamed concrete loose, and then affecting its deformation characteristics. According to the stress-strain curve in Figure 9, compressive strength and peak strain of foamed concrete under different dry-wet cycles can be obtained, and the data are listed in Table 2.
TABLE 2 | Uniaxial compressive strength and peak strain of foamed concrete.
[image: Table 2]As can be seen from Table 2, the compressive strength of foamed concrete in both neutral environment and two acidic environments gradually decreases with the increase of the number of dry-wet cycles, that is, the dry-wet cycle will cause obvious deterioration of the uniaxial compressive strength of foamed concrete samples, and the more cycles, the more obvious the deterioration effect. In addition, with the increase of dry-wet cycles, the peak strain of foamed concrete samples under different solution conditions gradually increases, and the change is more obvious under acidic conditions. This indicates that the dry-wet cycle will erode the foamed concrete, expand the internal pores of the sample and reduce the degree of cementation between aggregates, resulting in the sample more prone to deformation, and the acidity of the solution will further aggravate the erosion of foamed concrete.
With the increase of the number of dry-wet cycles, the total deterioration degree of the foamed concrete strength increases, indicating that the deterioration damage of the dry-wet cycles on the compressive strength of foamed concrete is constantly accumulated. For this purpose, uniaxial compressive strength data were fitted, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Relationship between uniaxial compressive strength of foamed concrete and the number of dry-wet cycles.
It can be seen from Figure 11 that the fitting curve is very consistent with the test data. The general expression of the fitting curve for three kinds of foamed concrete with different strengths is as follows
[image: image]
where, σ is uniaxial compressive strength; n is the number of dry-wet cycles; α, β and γ are the fitting parameters. This exponential fitting equation is basically consistent with the existing research results on the damage characteristics of concrete materials or concrete-like materials (Chai et al., 2022; Chai et al., 2023).
As can be seen from Figure 11, the correlation coefficients of the fitting curves of uniaxial compressive strength of foamed concrete under three pH values are all greater than 0.98. In this experiment, α ranges from 1.55 to 2.13, and is negatively correlated with pH value. The range of β is 7.83–7.55, which is positively correlated with pH value. Both α and β vary in a small range, indicating that the three curves in Figure 11 are very similar in shape, with the biggest difference being the parameter γ. It can be seen from the fitting data in the figure that the values of γ are 1.03, 0.63, and 0.45 respectively, which are very close to but slightly smaller than the strength values under the action of 15 dry-wet cycles of three different pH values, indicating that the γ values reflect the strength attenuation threshold under the action of dry-wet cycles of foamed concrete. The fitting formula shows that the strength of foamed concrete samples decreases exponentially under the action of dry-wet cycle. The strength deterioration degree of foamed concrete under the action of dry-wet cycle is defined as:
[image: image]
where, σn is the uniaxial compressive strength of foamed concrete subjected to n dry-wet cycles. σ0 is the initial uniaxial compressive strength of foamed concrete. Taking pH = 5 as an example, according to the fitting formula, the deterioration compressive strength after 15 dry-wet cycles is 0.63 MPa, and the total strength deterioration degree reaches 75.6%. However, the actual degree of deterioration calculated from Table 2 is 61.6%. It can be concluded that the damage and deterioration of the uniaxial compressive strength of the foamed concrete caused by the dry-wet cycle is not infinite accumulation, but there is a certain threshold. When the dry-wet cycle reaches the threshold, the mechanical parameters of the foamed concrete will no longer decrease, unless the overall structure of the foamed concrete is damaged by the dry-wet cycle.
3.4 Analysis of internal microstructure
In order to analyze the damage mechanism of foamed concrete under the action of acid dry-wet cycles, electron microscope scanning tests were carried out on the samples after 0, 10, and 15 dry-wet cycles (pH = 3), respectively, and the changes of the internal microstructure of the sample were observed. The changes of foamed concrete internal microstructure morphology under the action of acid dry-wet cycle are shown in Figures 12, 13. The magnification in Figure 12 is 100 times and the magnification in Figure 13 is 10000 times.
[image: Figure 12]FIGURE 12 | Scanning electron microscope (SEM) of foamed concrete pores under different acidic dry-wet cycles: (A) 0 dry-wet cycle; (B) 10 dry-wet cycles; (C) 15 drywet cycles.
[image: Figure 13]FIGURE 13 | Scanning electron microscope (SEM) of foamed concrete aggregate under different acidic dry-wet cycles: (A) 0 dry-wet cycle; (B) 10 dry-wet cycles; (C) 15 dry-wet cycles.
As can be seen from Figure 12, the internal pores of the initial foamed concrete sample are circular, and the structure is relatively complete and dense. Due to the erosion of acidic solution, the pores inside the foamed concrete changed from round to irregular shape, and there were obvious expansion and merger. In addition, by comparing the SEM images under different dry-wet cycle conditions, it can be seen that the more cycles, the more serious the erosion of pores by acidic solution, which also indicates that the acidic dry-wet cycle can affect the mechanical properties of foamed concrete by changing its internal pore structure.
As can be seen from Figure 13, in the part without pores, the aggregate inside the initial foamed concrete sample is complete; after 10 dry-wet cycles, the foamed concrete sample has concave and convex, but no obvious cracks; after 15 dry-wet cycles, the foamed concrete has obvious cracks. This indicates that the acid dry-wet cycle will gradually produce cracks in the foamed concrete, reduce the adhesion between aggregate and mortar, and then affect its mechanical properties. In addition, the more acid dry-wet cycles, the more obvious the cracks inside the foamed concrete.
In order to further analyze the damage to foamed concrete caused by acidic dry-wet cycling, the microstructure evolution model of foamed concrete under different times of acidic dry-wet cycle was established, as shown in Figure 14. It can be seen that the pores in foamed concrete expand and micro-cracks appear under the action of acidic dry-wet cycle in the early stage. With the increase of the number of acid dry-wet cycles, the erosion inside the foamed concrete is more serious, the pores begin to merge and the cracks gradually expand, and the structure damage is gradually serious.
[image: Figure 14]FIGURE 14 | Evolution diagram of internal structure of foamed concrete under the action of acid dry-wet cycle.
4 CONCLUSION
In this paper, uniaxial compression test and scanning electron microscope test were carried out on foamed concrete under different dry-wet cycles in acidic and neutral environments, and the deterioration effect and deterioration mechanism of acidic and neutral dry-wet cycles on foamed concrete were analyzed and compared. The main conclusions are as follows:
(1) With the increase of the number of dry-wet cycles, the quality of foamed concrete decreases continuously in both neutral and acidic environments, and the more acidic the solution, the greater the quality change.
(2) The uniaxial compression process of foamed concrete can be divided into compaction stage, elastic deformation stage, crack propagation stage and failure stage. The more acidic the solution, the more times of dry-wet cycles, the more serious the damage form of foamed concrete under uniaxial compression.
(3) The uniaxial compressive strength of foamed concrete in both neutral and acidic environments decreases gradually with the increase of dry-wet cycles. In addition, for the same number of dry-wet cycles, the stronger the acidity of the solution, the smaller the uniaxial compressive strength. With the increase of the number of dry-wet cycles, the strength decreases exponentially.
(4) The acid dry-wet cycle will corrode the foamed concrete, resulting in the expansion and consolidation of the pores in the foamed concrete samples. With the increase of the number of dry-wet cycles and the enhancement of the acidity of the solution, the expansion of the pores inside the foamed concrete becomes more obvious, that is, the acidic dry-wet cycles can affect the mechanical properties of the foamed concrete by changing the internal pore structure.
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