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Marine structures, such as cross-sea bridges, port constructions, and offshore drilling platforms, are not only subjected to sulfate erosion, but also to various dynamic loads. Analyzing the damage evolution process of concrete under sulfate erosion and impact loads is the key to improving the lifespan of concrete. In order to study the damage evolution process of eroded concrete under high strain rates, the energy dissipation characteristics, basic physics and mechanical properties, and micro-fracture mechanism of sulfate-eroded concrete at different sulfate concentrations (C=0, 3%, 6%, and 9%) under high strain rate ranging from 70/s to 85/s are systematically studied by using the split Hopkinson pressure bar (SHPB) test system, X-ray diffractometer and SEM scanning electron microscope. The research results indicate that an increase in sulfate concentration leads to a decrease in Ca(OH)2 content and an increase in Ettringite (AFt) content in concrete specimens; As the sulfate concentration increases, the dynamic peak strength and dynamic elastic modulus of concrete specimens gradually decrease, while the dynamic peak strain of concrete specimens gradually increases; The degree of macroscopic fragmentation in concrete specimens subjected to impact compression becomes increasingly severe with rising sulfate concentrations; As the sulfate concentration increases, the proportion of reflected energy and dissipated energy gradually increases, while that of transmitted energy gradually decreases, and the energy absorption capacity of the sample is significantly improved; The results of the SEM test shows that with the increase of sulfate concentration, a large amount of AFt is generated at the joint fissures and the interface of cement aggregates, the expansion of AFt and the crack development of concrete reduce the integrity and stability of concrete. This study holds significant guidance for the application of concrete in impact situations under a sulfate attack environment.
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1 INTRODUCTION
With the growing number of marine structures, such as cross-sea bridges, port constructions, and offshore drilling platforms, the utilization of marine concrete is progressively increasing. Due to prolonged exposure of concrete to seawater, the presence of sulfate abundant in seawater leads to severe erosion of the concrete (Santhanam and Otieno, 2016; QiangEnvelopeZw et al., 2022). In addition, sulfates are more commonly present in subsoil and wastewater. At the same time, concrete has been frequently used high strain rate environments such as vehicle load, wind load, earthquake action and waves, and the concrete is more easily destroyed after sulfate attack in this environment. Therefore, studying the impact of sulfate attack on the mechanical properties and energy dissipation of concrete under high strain rates has strong engineering significance for the concrete application under the sulfate attack environments.
The existing research on concrete subjected to the sulfate attack has shown that sulfates induce physical and chemical reactions in concrete (Li et al., 2020), which significantly affects the stability (HUANGFU et al., 2004), durability (Xu et al., 2012), strength (Yao and Li, 2018; Peng et al., 2019), pore structure (LiShiLi et al., 2019; ChenLiuYu, 2020), and other properties of concrete. Tai I. et al. (Tai et al., 2016) discussed the expansion and cracking of concrete structures caused by sulfate attack. Considering the mechanical effect of sulfate attack on concrete, Cefis N. et al. (Cef and isComi, 2014) proposed a biphasic chemical elastic damage model. Yao J. et al. (YaoChen, 2022) found that ion erosion in the ocean leads to corrosion degradation of concrete materials, and this phenomenon causes the gradual decline of macroscopic physical and mechanical properties of concrete with the erosion time. Chen Chaohui et al. (Chen et al., 2008) conducted uniaxial compression tests on sulfate-corroded concrete. The results showed that after erosion, the elastic modulus, compressive strength, and residual deformation capacity of the concrete decrease, and the more severe the erosion, the more severe the peeling phenomenon of the concrete specimen during the loading process, and the faster the development of the main crack in the concrete. Zhu Lanfang (Zhu and Cao, 2008; Zhu, 2009) conducted a detailed study on the mechanical properties of concrete flexural members under sulfate attack. It is concluded that the cracking load value and ultimate bearing capacity of the concrete specimen decrease with the increase of sulfate concentration under long-term erosion. A series of studies have shown that sulfate has a significant impact on the physical and mechanical properties of concrete.
In recent years, concrete has gradually been utilized in environments with sulfate attack and high strain rates, and the research on the dynamic performance of concrete under sulfate attack has been highlighted (Feng et al., 2009; Xia et al., 2021; Yao et al., 2021; Bai et al., 2022; Guo et al., 2023; Wei et al., 2023). Li R. et al. (LiHouHu and Zou, 2021) observed that the elevated sulfate concentrations lead to increased mechanical damage of concrete under varying high water pressures and sulfate attack. Demei et al. (Demei et al., 2016) explored the flexural strength of concrete subjected to erosion by sulfate compounds and observed that the strength exhibited an earlier decline under dynamic load compared to static load. Liu T. et al. (Liu et al., 2012) reported that sulfate attack makes concrete strength more sensitive to strain rate, while the destructive expansion and chemical degradation caused by sulfate attack greatly reduce peak strain. Liu P. et al. (Liu et al., 2020) found that with the increase of sulfate solution concentration, the dynamic elastic modulus of concrete first increases and then decreases.
At present, research on the damage and failure laws of eroded concrete under impact load is mainly focused on the macroscopic mechanical properties. In fact, the process of damage and destruction is a process of energy dissipation. During the impact process, eroded concrete undergoes irreversible energy dissipation (Cheng et al., 2020a; Cheng et al., 2020b), which is the driving force of failure and can comprehensively reflect the internal damage and failure situation. Currently, there is limited research on the energy dissipation of eroded concrete under impact loads. Therefore, this paper conducts research on the energy dissipation and macroscopic and microscopic mechanical properties of sulfate eroded concrete under impact load, obtaining the correlation between sulfate attack concentration and energy dissipation characteristics, as well as dynamic mechanical properties and the damage evolution law of concrete is systematically studied. The research results can provide important reference for the establishment of damage evolution models and dynamic response calculations.
2 SPECIMEN PREPARATION AND TEST METHODS
2.1 Specimen preparation
The concrete specimens were prepared in accordance with the relevant provisions of the Code for construction of concrete structures. The strength of concrete specimens was prepared in accordance with C60, and the continuous particle size of crushed stone was 5–8 mm. The concrete specimen was prepared as follows. As shown in Tables 1, 2, the cement, coarse aggregate (stone) and fine aggregate (sand) were put into the mixer and mixed for about 1 min, the water was poured into the mixer and mixed for 2 min, and then the water reducer was added and mixed for 1 min. The mixed concrete was put into a cube mold with a size of 100 × 100 × 100 mm and vibrated on the vibrating table, the surface of the specimen was smoothed and placed indoors at a room temperature; after 24 h, the specimen was demoulded. The demoulded specimen was put into the standard curing room for 28 d. The cylindrical specimen with a size of Φ74*37 mm and the non-parallelism of the two ends within 0.02 mm was processed, as shown in Figure 1.
TABLE 1 | Mix ratio parameters of concrete specimens.
[image: Table 1]TABLE 2 | Chemical composition of cement.
[image: Table 2][image: Figure 1]FIGURE 1 | Concrete specimens.
In order to make the reflection time of the stress wave between the two ends of the sample short enough, so that the stress (strain) in the sample is quickly in a uniform state along the axis of the sample, the length of the sample should not be too large. In addition, the sample should not be too short. When the length of the sample is too short, the friction of the sample end face is relatively significant. Due to the constraint effect, an apparent strength increase will be generated, which will affect the accuracy of the experimental data. Li Xibing et al. conducted SHPB experimental research on a large number of rock and concrete materials (Lok et al., 2001), and concluded that the inertia effect can be better eliminated when the length-diameter ratio is 0.5. Therefore, the length-diameter ratio of the sample in the impact compression experiment was set at 0.5, that is, the length of the sample was 37 mm.
Then Na2SO4 solutions with concentrations of 0, 3%, 6%, and 9% were prepared. The concrete specimens were put into Na2SO4 solutions with different concentrations, and the erosion time of the concrete specimens was guaranteed to be 270 d after they were completely immersed in the solution. Figure 2 shows the erosion process of concrete specimens.
[image: Figure 2]FIGURE 2 | Sulfate attack experiment.
After the sulfate attack test was completed, the components of the concrete specimen were tested using an X-ray diffractometer (D8 ADVANCE) manufactured by Bruker Corporation. First, a drilling powder extractor was used to obtain the powder at a depth of 5 mm of the concrete specimen subjected to sulfate attack, the powder was ground to a particle size of less than 44 microns using an agate mortar, and 1 g of the powder of the concrete specimen was taken as the specimen to be measured. Second, the specimen was uniformly placed in the specimen rack and compacted by the glass plate. Third, the specimen was put into the specimen table of the X-ray diffractometer, then the main power supply of the diffractometer, the switch of the circulating water system, and the power supply of the X-ray tube were turned on successively; the tube voltage and tube current was increased to the required value, diffraction parameters were set in the application software, and then the test was initiated. After the test was completed, the data were saved and analyzed. Table 3 shows the test results of different specimens.
TABLE 3 | Variation of mass percent wm of calcium hydroxide, ettringite and gypsum in specimens with the corrosive solution concentration C.
[image: Table 3]Figure 3 shows the variation curve of mass percent wm of the calcium hydroxide, ettringite and gypsum with the corrosive solution concentration C. As shown in Table 4 and Figure 3, the content of calcium hydroxide, AFt and gypsum in concrete has been changed following an increase in sulfate concentration. With the increase of sulfate concentration, the content of calcium hydroxide exhibits an overall downward trend, the content of AFt exhibits an overall upward trend, while the content of gypsum first increases and then decreases.
[image: Figure 3]FIGURE 3 | Variation of mass percent wm of calcium hydroxide, ettringite and gypsum of concrete specimens with corrosive solution concentration C.
TABLE 4 | Physical and mechanical parameters of concrete specimens under different sulfate concentrations and high strain rates.
[image: Table 4]2.2 Impact test methods
The impact load test in this study was conducted by the split Hopkinson pressure bar (SHPB) test system of the State Key Laboratory for Geomechanics and Deep Underground Engineering of China University of Mining and Technology. Figure 4 shows the schematic diagram of the SHPB test system. The test system comprises of five components: a loading drive system, a pressure bar system, an energy absorption system, a signal acquisition system, and a signal processing system.
[image: Figure 4]FIGURE 4 | Schematic diagram of the SHPB testing system.
As shown in Figure 5, the specimen was placed in the SHPB test system and subject to an impact test under a pressure of about 0.5 MPa. The impact process was carried out by the following steps. 1) A certain amount of Vaseline was evenly smeared on the two end faces of the specimen, the specimen was tightly placed between the incident rod and the transmission rod, and the outer protective sleeve was placed on the specimen. 2) The analysis and testing system and related software were initiated, and the test parameters were set according to the experimental requirements; 3) The control valve of the air tank was opened, the inflation switch of the pressure gauge was pressed; when the pointer of the Barometer reached 0.5 MPa, the control valve of the air tank was closed, the control valve of the launching chamber was opened, the system automatically deflated, and the impact process was automatically completed. The incident wave, reflected wave and transmitted wave on the transmission rod were transmitted to the signal acquisition system through the strain gauge on the rod.
[image: Figure 5]FIGURE 5 | Components of the SHPB testing system.
Figure 6A shows the signal obtained from the uniaxial impact compression test on concrete specimens under sulfate attack. Figure 6B tests the stress balance of the specimen. It can be seen from Figure 6B that the incident wave and reflected wave superimposed basically coincide with the transmitted wave, indicating that the assumption of stress uniformity is met.
[image: Figure 6]FIGURE 6 | Typical waveform of specimen and stress balance test. (A) Typical waveform of specimen. (B) Stress balance test.
3 EFFECT OF EROSION SOLUTION CONCENTRATION ON MECHANICAL PROPERTIES OF CONCRETE SPECIMENS UNDER HIGH STRAIN RATES
3.1 Processing methods of original data of concrete specimens
Based on the assumption of one-dimensional propagation of stress waves, the expressions of average strain [image: image], average strain rate [image: image] and average stress [image: image] of specimen materials are derived, which is the three-wave function obtained from the technical data of the SHPB test 1) (Yin et al., 2019; Lu et al., 2019):
[image: image]
where [image: image], [image: image], and [image: image] are strain signals of the incident wave, reflected wave, and transmitted wave; [image: image] is the strain rate of specimen materials, s-1; [image: image] is the average stress of specimen materials, Pa; C0 is the longitudinal wave velocity in the pressure piece, m/s; LS is the height of the specimen, [image: image] m; A0 is the cross-sectional area of the compression rod, m2; AS is the cross-sectional area of the specimen, m2; E0 is the elastic modulus of the compression rod material, Pa.
According to the assumption of stress homogenization, the strain relationship between the incident rod and the transmission rod can be expressed as follows:
[image: image]
Substituting Eq. 2 into Eq. 1, the two-wave method function for SHPB experimental data was obtained as follows (Yin et al., 2019; Lu et al., 2019):
[image: image]
3.2 Effect of corrosive solution concentration on the stress-strain curve of the specimen
Equations 1–3 are used to process the original waveform curve shown in Figure 6, and the stress-strain curve of specimens after impact compression under sulfate attack of different concentrations is obtained, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Stress–strain curve of concrete specimens under different sulfate concentrations and high strain rates.
As shown in Figure 7, the stress-strain curve of concrete specimens under different concentrations of sulfate attack is almost similar, which can be divided into the approximate linear-elastic stage, microcrack evolution and unstable propagation stage, and strain softening stage. However, there are certain differences in the basic characteristics of each stage. Specifically, the peak stress of the specimen decreases significantly with the increase of the concentration of the erosion solution; The slope of the stress-strain curve in the approximate linear-elastic stage decreases with the increase of the concentration of the erosion solution.
3.3 Effect of corrosive solution concentration on mechanical properties of the concrete specimen
According to the stress-strain curve of concrete specimens under the sulfate attack and high strain rate, the dynamic mechanical parameters of specimens under different sulfate concentrations can be obtained, as shown in Table 4.
Figure 8 shows the variation curve of dynamic peak strength of specimens under high strain rate with the sulfate concentration. As shown in Figure 8, the change in sulfate concentration has a significant impact on the dynamic peak strength of concrete specimens. The peak strength of concrete subjected to sulfate attack has decreased compared to the strength of non-corroded specimens. Specifically, as the sulfate concentration increases, the peak strength of concrete shows a downward trend. The specific process of change is as follows: 1) When the concentration of the erosion solution increases from 0.0% to 3.0%, the compressive strength of the sample decreases significantly, from 94.36 MPa to 63.67MPa, with a decrease of 32.53%; 2) When the concentration of the eroded solution C=6.0%, the compressive strength of the sample decreases to 59.83MPa, which is about 36.60% lower than that of the non-eroded sample; 3) When the concentration of the eroded solution C=9.0%, the compressive strength of the sample decreases to 46.34MPa, which is about 50.90% lower than that of the non-eroded sample. The changes in dynamic peak strength of concrete specimens with the sulfate concentration indicate that an increase in sulfate concentration reduces the impact resistance of concrete.
[image: Figure 8]FIGURE 8 | Variation curve of dynamic peak strength σC of specimens under high strain rate with the sulfate concentration C.
As shown in Figure 9, the change in sulfate concentration has a significant impact on the dynamic elastic modulus of concrete. The elastic modulus of concrete under the sulfate attack has decreased compared to the non-corroded specimen. Specifically, as the sulfate concentration increases, the dynamic elastic modulus of concrete shows a downward trend. The change process is as follows: 1) When the concentration of the erosion solution increases from 0.0% to 3.0%, the elastic modulus of the sample decreases from 35.10 GPa to 27.52 GPa, with a decrease of 21.58%; 2) When C=6.0%, the elastic modulus of the sample decreases to 17.65GPa, which is about 49.70% lower than that of the non-eroded sample; 3) When C=9.0%, the elastic modulus of the sample decreases to 15.85GPa, which is about 54.84% lower than that of the non-eroded sample. The changes in the dynamic elastic modulus of concrete with the sulfate concentration indicate that an increase in sulfate concentration reduces the resistance of concrete to elastic deformation.
[image: Figure 9]FIGURE 9 | Variation curve of the elastic modulus E of the specimen under high strain rate with the corrosive solution concentration C.
As shown in Figure 10, the sulfate concentration significantly affects the dynamic peak strain of concrete. As the sulfate concentration increases, the dynamic peak strain of concrete shows an upward trend. The specific change process is as follows: 1) When the concentration of the erosion solution increases from 0.0% to 3.0%, the peak strain of the sample does not change much, increasing from 0.004543 to 0.004579; 2) When C=6.0%, the peak strain of the sample increases to 0.005350, which is about 17.76% higher than that of the non eroded sample; 3) When C=9.0%, the peak strain of the sample increases to 0.006179, which is approximately 36.02% higher than that of the non-eroded sample. The changes in dynamic peak strain and sulfate concentration of concrete indicate that an increase in sulfate concentration reduces the deformation resistance of concrete.
[image: Figure 10]FIGURE 10 | The variation curve of peak strain εc of the specimen with the concentration C of corrosive solution under the high strain rate.
The alterations in the mechanical characteristics of concrete primarily arise from two factors. On the one hand, the increase in sulfate concentration leads to a decrease in the content of Ca(OH)2, which is one of the components used in the later production of calcium carbonate in concrete. The decrease in Ca(OH)2 content further leads to a decrease in the generated calcium carbonate content, thereby reducing the interfacial force of internal substances (Santhanam and Otieno, 2016). As a consequence, the compressive and deformation resistance of concrete is reduced under impact conditions. On the other hand, as the concentration of sulfate ions increases, the number of AFt gradually increases, leading to the expansion in the internal pores inside the concrete. Consequently, the development and propagation of cracks are promoted, which further reduces the integrity and stability of the concrete. Therefore, as the sulfate concentration increases, the dynamic peak strain of concrete increases, while the dynamic peak strength and elastic modulus of concrete decrease.
3.4 Effect of corrosive solution concentration on macroscopic failure characteristics of specimens
Figure 11 shows the failure morphology of specimens under high strain rates and the sulfate attack at different concentrations. As illustrated in Figure 10, as the concentration of the corrosive solution increases, the fragmentation degree of the specimen gradually increases, and the particle size of the specimen fragments decreases. Under the impact load, the damage degree of the specimen subjected to sulfate attack is higher than that of the specimen free from sulfate attack. When the non-corroded specimen still retains a portion of the main body, the sulfate-corroded specimen has broken into a pile of residue.
[image: Figure 11]FIGURE 11 | Failure morphology of sulfate-corroded specimens under different concentrations and high strain rates. (A) C = 0.0%. (B) C = 3.0%. (C) C = 6.0%. (D) C = 9.0%.
Due to the sulfate intrusion, chemical reaction with the internal materials of concrete occurs to generate ettringite and other reaction products. With the accumulation of reaction products, the surrounding materials are squeezed to a certain extent, resulting in radial cracks from the inside out. Consequently, the integrity and stability of concrete is reduced. As the concentration of the corrosive solution increases, more and more SO42- enters the interior of the specimen, leading to an increase in erosion products. In particular, a large number of AFt crystals is generated at the interface between cement and aggregate, and the AFt crystals in the pores of concrete specimens are extruded. As a result, the inside of the specimen gradually loosens, expansion cracks increase (Yin et al., 2019), and the fragmentation degree of concrete increases. Under a similar strain rate, the higher the sulfate concentration, the more severe the damage of concrete fragments.
3.5 Effect of corrosive solution concentration on particle size distribution characteristics of specimens
In order to quantify the impact of sulfate concentration on the degree of concrete damage, concrete fragments of different particle sizes was screened and the proportion was calculated under different sulfate concentrations.
The specific process is as follows: first, the concrete fragments under different sulfate concentrations was screened by a grading screen, and the fragments was divided into eight groups of particle sizes: 74-50mm, 50-30mm, 30-20mm, 20-10mm, 10-5mm, 5-3mm, 3-1mm, 1-0mm, with particle size codes i being 1–8; Then, the mass of fragmentation of each level was weighed by an electronic scale with an accuracy of 0.01 g. At the same time, the mass percentage of fragmentation in the overall mass for each particle size range was calculated:
[image: image]
In the formula, i is the number of grading sieve grades (i=1,2. 8), ni is the mass proportion of the fragments under this particle size, mi is the mass of the fragments under this particle size, and m is the total mass of the concrete sample.
The average particle size of concrete fragments under different sulfate concentrations was calculated using the following equation:
[image: image]
In the formula, η is the average particle size of concrete fragments, ri is the average particle size of each grading group.
Figure 12 shows the size distribution of concrete fragments under different concentrations of sulfate attack. As shown in Figure 12, the change in sulfate concentration has a significant impact on the distribution of particle size of concrete fragments under the effect of uniaxial impact compression. Average particle size shows a decrease trend with the increase of sulfate concentration. The specific process of change is as follows: 1) When the concentration of the erosion solution increases from 0.0% to 3.0%, the average particle size of the sample decreases from 24.02 mm to 22.57mm, with a decrease of 6.04%; 2) When the concentration of the eroded solution C=6.0%, the average particle size of the sample decreases to 21.48mm, which is about 10.57% lower than that of the non-eroded sample; 3) When the concentration of the eroded solution C=9.0%, the average particle size of the sample decreases to 18.58mm, which is about 22.65% lower than that of the non-eroded sample. Besides, the mass percentage of larger particle sizes (greater than 30 mm) shows a trend of first increasing and then decreasing with the increase of sulfate concentration, while the mass percentage of smaller particle sizes (less than 30 mm) shows a trend of first decreasing and then increasing with the increase of sulfate concentration. The size distribution of concrete fragments varies with the concentration of sulfate, indicating that sulfate has a significant impact on the impact resistance of concrete.
[image: Figure 12]FIGURE 12 | Particle size distribution of concrete fragments under different concentrations of sulfate.
4 EFFECT OF SULFATE CONCENTRATION ON ENERGY CHANGE OF CONCRETE UNDER THE HIGH STRAIN RATE
4.1 Energy calculation principle of concrete under dynamic load
According to the test principle, the energy dissipation of concrete specimens in the process of impact loading can be calculated through the input and output of energy in the pressure rod system. According to the elastic wave theory, the calculation function for the incident energy W I J), reflected energy WR J), and transmitted energy WT J), in the SHPB experimental system are as follows (Yin et al., 2019; Lu et al., 2019):
[image: image]
Where W I, WR and WT represent the incident energy, reflected energy, and transmitted energy in the system; A0, C0 and E0 represent the cross-sectional area, (m2), wave velocity (m/s), and elastic modulus of the compression rod (Pa);σI, σR and σT represent the stress (Pa)generated by incident waves, reflected waves, and transmitted waves in the compression rod.
Since butter is applied on the end face of the specimen to reduce the frictional effect on the end face, the frictional energy between the specimen and the compression rod can be ignored. Therefore, in the SHPB experiment, the absorbed energy WL can be expressed as (Yin et al., 2019; Lu et al., 2019):
[image: image]
where WL represents the absorbed energy (or dissipated energy) during specimen failure.
In the SHPB experiment, energy dissipation mainly includes the energy dissipation caused by specimen crack propagation (WLD), fragment motion energy dissipation (WLV), and other energy dissipation (WLS) such as frictional energy consumption. However, WLV and WLS account for a small proportion of WL, and over 95% of the energy is used for crack propagation in the specimen. Therefore, it can be roughly assumed that WL=WLd.
4.2 Impact of sulfate concentration on various energy changes in concrete
By using Equations 6, (7), the energy of concrete under impact load can be obtained, and the calculation results are shown in Table 5.
TABLE 5 | Energy calculation results of uniaxial impact compression of concrete under different sulfate concentrations.
[image: Table 5]Figure 13 shows the energy variation in concrete with different sulfate concentrations. It can be seen that as the concentration of sulfate increases, the reflected energy of concrete first increases and then decreases, the dissipated energy gradually increases, and the transmitted energy gradually decreases. When the sulfate concentration is 0%, the reflected energy of concrete is 28.84 J; As the sulfate concentration increases to 9%, the reflected energy of concrete is 46.09 J, increasing by 59.82%. When the sulfate concentration is 0%, the transmitted energy of concrete is 96.54 J; As the sulfate concentration increases to 9%, the transmitted energy of concrete is 18.45 J, decreasing by 80.89% compared to the sulfate concentration of 0%. When the sulfate concentration is 0%, the dissipated energy of concrete is 16.69 J; As the sulfate concentration increases to 9%, the dissipated energy of concrete is 59.96 J, decreasing by 259.28%.
[image: Figure 13]FIGURE 13 | Energy variation in concrete at different sulfate concentrations.
To analyze the influence of sulfate concentration on energy variation in concrete under similar strain rates, the proportion of each energy in the total energy is analyzed. Figure 14 shows the variation of the percentage of each energy in the total energy of concrete with the concentration of sulfate. It can be seen that as the concentration of sulfate increases, the percentage of reflected energy and dissipated energy in the total energy gradually increases, while the percentage of transmitted energy in the total energy gradually decreases. When the sulfate concentration is 0%, the proportion of reflected energy in concrete is 20.29%; As the sulfate concentration increases to 9%, the proportion of reflected energy of concrete is 37.56%, increasing by 17.27%. When the sulfate concentration is 0%, the proportion of transmitted energy of concrete is 67.94%; As the sulfate concentration increases to 9%, the proportion of transmitted energy of concrete is 15.05%, decreasing by 52.89% compared to the sulfate concentration of 0%. When the sulfate concentration is 0%, the proportion of dissipated energy of concrete is 11.77%; As the sulfate concentration increases to 9%, the proportion of dissipated energy is 47.39%, increasing by 35.62% compared to the sulfate concentration of 0%.
[image: Figure 14]FIGURE 14 | Variation curves of the percentage of each energy in total energy in concrete with sulfate concentration.
The internal physical characteristics of concrete are changed after a sulfate attack, which is mainly due to the change of the cracked joints inside the concrete. According to the existing research (Wang et al., 2006; Cheng et al., 2020c; Cheng et al., 2021; Cheng et al., 2022; Song et al., 2022; Song et al., 2023), the free reflection stage and the transmission stage will occur when the stress wave propagates in the joint. In the free reflection stage, the gap is not closed, and the stress wave incident to the free boundary, produce only reflected waves and no transmitted waves. Under the action of stress wave, the particles on the interface move to the next interface, which makes the gap may close. Once the gap is fully closed, the energy will continue to propagate to the next interface, and so on, all the way to the transmission rod; Therefore, the joint opening can be well reflected by the reflected energy, transmitted energy and dissipated energy.
With the gradual increase of sulfate solution concentration, the proportion of reflected energy increases gradually. This can be explained as follows: the chemical reaction of some materials inside the concrete (such as calcium hydroxide)leads to the loss of the internal material volume and the formation of joint fissure; at the same time, the generated ettringite enlarges the joint fissure, leading to the gradual increase of the proportion of reflected energy and the gradual decrease of the proportion of transmitted energy during the propagation of stress waves under the same strain rate. The increase in the number of cracks, joints, and defect surfaces reduces the stability of concrete, leading to a decrease in its resistance to damage. As a result, more cracks, joints and defect surfaces are involved in the crack development and expansion under the uniaxial impact compression, the proportion of dissipated energy increases with the increase of sulfate concentration, and the energy absorption capacity of the sample is significantly improved contributing to the serious macroscopic damage to the concrete specimen.
5 MICROSTRUCTURE CHARACTERISTICS OF CONCRETE SUBJECTED TO SULFATE ATTACK AT HIGH STRAIN RATE
5.1 Experimental equipment and methods
The VGEA3 scanning electron microscope test system of TESCAN Company of Czech Republic, which was introduced into the Civil structure laboratory of Xuzhou Institute of Technology, was adapted in this test, as shown in Figure 15.
[image: Figure 15]FIGURE 15 | Scanning electron microscope.
At first, the damaged fragments of specimens subjected to sulfate attack at high strain rates were selected and made into cubes with a size of about 10×10×10mm, and then subjected to ultrasonic treatment in ethanol and then dried at 105 °C for 12 h. Subsequently, the specimen was pasted onto the specimen stable with latex for surface gilding, and the treated specimen was placed on the scanning electron microscope for microscopic observation.
5.2 Variation of concrete microstructure with corrosive solution concentration
To further observe the distribution of hydration and erosion products inside the specimen, SEM with a magnitude of 1000–2000 × was used to observe the selected area in the concrete specimen. Figure 16 shows the distribution characteristics of internal hydration products and erosion products of concrete under sulfate attack. It can be seen that a large number of Ca(OH)2 crystals and acicular ettringite AFt can be found in the non-eroded specimen; As the concentration of the corrosive solution increases, the number of Ca(OH)2 crystals decreases or even disappear upon visual observation, while the number of AFt crystals gradually increase. The erosion product AFt crystals are mainly distributed in the pores inside the specimen and the interface area of the cement aggregate, as shown in Figures 16B–D. This is due to the presence of large gaps and many pathways within the pores and interface regions of the specimen, facilitating easier transport of SO42-. As a consequence, the number of erosion products sharply increases.
[image: Figure 16]FIGURE 16 | Distribution characteristics of internal hydration products and erosion products of concrete under sulfate attack. (A) C = 0.0%. (B) C = 3.0%. (C) C = 6.0%. (D) C = 9.0%.
Figure 17 shows the characteristics of crack changes in concrete under sulfate attack. It can be seen that there are fewer microcracks in the non-eroded specimen, and as the concentration of the corrosive solution increases, the number of internal cracks in the specimen increase; The joint fissure in the non-corroded concrete specimens are scattered and have smaller sizes. As the sulfate concentration increases, the scattered distribution of the joint fissure gradually expands to a radial and network distribution state, and the size of the joint fissure is larger.
[image: Figure 17]FIGURE 17 | Variation characteristics of cracks in concrete under sulfate attack. (A) C = 0.0%. (B) C = 3.0%. (C) C = 6.0%. (D) C = 9.0%.
6 CONCLUSION
In this study, the uniaxial impact compression test of concrete specimens under sulfate attack was carried out, obtaining the correlation between sulfate erosion concentration, energy dissipation characteristics, and dynamic mechanical properties. The main conclusions are as follows:
1) XRD experiments indicate that with the increase of sulfate concentration, calcium hydroxide shows a downward trend as a whole, and AFt shows an upward trend as a whole.
2) As the concentration of sulfate increases, the dynamic peak strength and elastic modulus of concrete decrease, while the dynamic peak strain increases. The fragmentation degree of the concrete becomes more severe with the increase of sulfate concentration.
3) With the increase of sulfate concentration, the reflected energy of concrete first increases and then decreases, the dissipated energy gradually increases, and the transmitted energy gradually decreases; The proportion of reflected energy and dissipated energy gradually increases, while the proportion of transmitted energy gradually decreases.
4) SEM experiments indicate that as the concentration of the corrosive solution increases, the content of AFt gradually increases and the development of cracks became more obvious. Aft is concentrated in pores and at the interface between cement and aggregate.
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