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Research on the dynamic mechanical properties of concrete under sulfate attack is the basis for the reasonable design and performance evaluation of anti-explosion and impact resistance in concrete structures under the erosion environment. In this study, the mechanical properties of concrete specimens subjected to sulfate attack under impact compression were measured using the split Hopkinson pressure bar (SHPB) test system. The basic mechanical properties (stress-strain curve, compressive strength, elastic modulus, peak strain) of concrete specimens subject to sulfate attack under high strain rate were obtained, and the variation laws of macroscopic failure characteristics and characteristics of energy dissipation of concrete specimens subject to sulfate attack with the loading strain rate were summarized. The results show that the compressive strength and elastic modulus of concrete specimens under different sulfate concentrations exhibit a significant strain rate effect. As the strain rate increases, the compressive strength and elastic modulus of concrete specimens gradually increase; compared with concrete free from sulfate attack, the compressive strength and elastic modulus of concrete subject to sulfate attack are more significantly influenced by strain rate. Overall, the peak strain of concrete increases with the increase of strain rate, but when the strain rate increases to a certain extent, the peak strain changes little. Under the same sulfate concentration, the macroscopic failure degree of concrete specimens increases obviously with the increase of strain rate. The dissipation energy of concrete subject to sulfate attack is more sensitive to the strain rate compared with concrete free from sulfate attack, and the increase of strain rate will obviously decrease the energy utilization rate of concrete subject to sulfate attack.
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1 INTRODUCTION
The service life of China’s coastal ports, cross-sea bridges and other large-scale concrete structures has been significantly reduced due to their long-term exposure to the harsh marine erosion environment. Durability is a very important factor for the service life of concrete structures (Verre, 2021). Among many erosion hazards, sulfate attack has become one of the primary environmental factors affecting structural durability. In the engineering project, damage caused by sulfate attack in concrete structure is extremely common.
At present, significant progress has been made in the experimental research on the mechanical properties of concrete under sulfate attack (Liang et al., 2022; Gan et al., 2021; Li, 2024; Zang et al., 2022; Cao et al., 2022). To investigate the effect of sulfate solution concentration and erosion time on the mechanical properties of concrete, Gao et al. (2010) and Feng et al. (2010) studied the influence of sulfate solution concentration and the number of wetting-drying cycles on the mechanical properties of concrete. The study obtained the attenuation laws of the elastic modulus and compressive strength of concrete, and summarized the triaxial compressive strength criterion of concrete under sulfate attack. In terms of the anti-corrosion performance of concrete with different mix proportions, Wang et al. (2020) analyzed the influence of basalt fiber content on the durability of concrete under sodium sulfate attack. The study found that the crack resistance of concrete in the early stage can be significantly improved by adding basalt fiber in an appropriate amount, and the corrosion resistance of the test block with the basalt fiber content of 0.1% was the best. Serag Faried et al. (2021) and He (2017) conducted a comparative study on the influence of different nano-materials and their dosages on the resistance of high-performance concrete to sulfate attack. Wang et al. (2021) explored the effect of polycarboxylic acid water reducer with different side chain lengths on the sulfate corrosion resistance of concrete. The findings revealed that PCE with the shortest side chain provides the most effective enhancement of sulfate corrosion resistance. Hong et al. (2018) investigated the corrosion resistance of subway concrete exposed to magnesium sulfate solution at different concentrations. It was concluded that the concrete with a water-binder ratio of 0.35 and fly ash content of 30% showed the best corrosion resistance. Regarding the influence of sulfate attack on the mechanical properties of concrete, Zhang et al. (2020) studied the influence of sulfate attack on the failure mode of concrete under the conditions of semi-immersion and full immersion. The results indicated that the failure mode of the shear surface of the corroded specimen was mainly in the form of aggregate tumbling, peeling and matrix extrusion and sliding near the shear surface under the conditions of full immersion, while under the semi-immersion, matrix cracking and dilatancy slip were dominant in the shear surface. Song et al. (2023), Wu et al. (2024), Wu et al. (2022), Wu et al. (2020) established a residual strength calculation model for concrete using ultrasonic methods, providing an economical and convenient calculation method for engineering applications.
The existing research focuses on the mechanical properties of concrete subjected to sulfate attack under static loading. However, some important civil or military protective concrete components in service are not only subject to static loading, but also bear various dynamic loads, such as vehicle load, wind load, earthquake action, wave and explosion impact. Therefore, these concrete components must have sufficient explosion resistance and seismic resistance. Some scholars have conducted preliminary research on the mechanical properties of concrete under the combined action of sulfate corrosion and impact load. Wei et al. (2023) Investigated the dynamic mechanical properties of corroded coral concrete. The results showed that Coral concrete exhibited great dynamic properties under chemical attacks and higher damping capacity under sulfate attack than that of other erosion. Demei et al. (2016) analyzed the flexural strength, relative dynamic elastic modulus under sulfate attack incorporating with dynamic flexural loading, and also analyzed the microstructure and atom ratio of attached specimens via SEM and EDS. Liu et al. (2020) analyzed the effects of erosion form and erosion age on the dynamic properties of concrete.
In summary, over the past few years, research on the mechanical properties of concrete under sulfate attack has primarily focused on static loading. Relatively few studies have addressed on the mechanical properties of concrete subjected to sulfate attack and impact loading. There is a lack of systematic research on the strain rate effect on dynamic mechanical properties of concrete under the erosion by different concentrations of sulfate. Moreover, there is currently limited research on the energy dissipation of eroded concrete under impact loads. The dynamic mechanical properties of concrete materials after sulfate erosion should be studied comprehensively.
Therefore, this paper conducts research on the mechanical properties and energy dissipation of sulfate eroded concrete under impact load, obtaining the correlation between strain rates and dynamic mechanical properties (stress-strain curve, compressive strength, elastic modulus and peak strain), as well as energy dissipation characteristics of concrete under different concentrations of sulfate attack. The research results can provide important reference for the establishment of damage evolution models and dynamic response calculations.
2 SPECIMEN PREPARATION AND TEST METHOD
2.1 Specimen preparation
The concrete specimens were prepared in accordance with the relevant provisions of the Code for Construction of Concrete Structures (Ministry of Housing and Urban-Rural Development of the People’s Republic of China, 2011). The strength of concrete specimens was prepared in accordance with C60, with the continuous particle size of crushed stone ranging from 5–8 mm. The specimen preparation process was as follows: (1) According to Table 1, the coarse aggregate (stone), fine aggregate (sand) and cement were put into the mixer and mixed for about 1 min, then the water was added and mixed for 2 min, and then the water reducer was added and mixed for 1 min. (2) The mixed concrete was then placed into a cube mold with a size of 100 × 100 × 100 mm and vibrated on the vibrating table; the surface of the test piece was smoothed and placed indoors at the room temperature; after 24 h, the specimen was demoulded. (3) The demoulded specimen was then placed into the standard curing room for 28 days (see Figure 1). (4) The specimen was processed into a cylindrical specimen with a standard size of Φ 74 * 37 mm (see Figure 2), and the unevenness of the two end faces was kept within 0.02 mm to improve the test accuracy.
TABLE 1 | Design parameters of concrete specimen mix ratio.
[image: Table 1][image: Figure 1]FIGURE 1 | Specimen curing.
[image: Figure 2]FIGURE 2 | Partial processed concrete specimens.
2.2 Test method

(1) Firstly, the sulfate erosion test was conducted on the specimens in accordance with the Test Method of Sulfate Resistance of Cement Concrete (T0582-2020) (Ministry of Transport of the People’s Republic of China, 2020). The detailed experimental steps are as follows: The Na2SO4 solutions with concentrations of 0.0%, 3.0%, 6.0% and 9.0% were prepared; The concrete specimens were placed into Na2SO4 solutions with different concentrations, and test specimens were completely immersed. Subsequently, the erosion test on concrete specimens was conducted (see Figure 3).
(2) After the erosion of 270 days, the concrete specimen was taken out and subject to uniaxial impact compression tests (see Figure 4). The basic dynamic mechanical parameters were determined by the split Hopkinson pressure bar (SHPB) testing system (with a diameter of 74 mm) in the State Key Laboratory for Geomechanics and Deep Underground Engineering of China University of Mining and Technology. The impact pressure was divided into four levels of 0.3, 0.4, 0.5 and 0.6 MPa. Each level of the impact air pressure was repeated 3–4 times, and the impact load was changed by adjusting the external air pressure.
[image: Figure 3]FIGURE 3 | Sulfate attack test.
[image: Figure 4]FIGURE 4 | SHPB test system.
Based on the uniaxial impact compression test data, the dynamic mechanical properties of concrete specimens subjected to sulfate erosion were obtained under different strain rates.
3 STRAIN RATE EFFECT ON DYNAMIC MECHANICAL PROPERTIES OF CONCRETE UNDER SULFATE ATTACK
3.1 Variation law of stress-strain curve with strain rate
Based on the uniaxial compression test data of concrete specimens subject to sulfate attack under high strain rate, the change of stress-strain curve of concrete specimen with strain rate [image: image] under impact load can be obtained, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Variation law of stress-strain curve of concrete specimens with different stress rates. (A) C = 0.0% (B) C = 3.0%. (C) C = 6.0% (D) C = 9.0%.
As shown in Figure 5, the stress-strain curves of eroded specimens under high strain rates are essentially identical. The stress-strain curve can be divided into the following three stages: the approximate linear elastic stage, microcrack evolution and unstable propagation stage, and strain softening stage. In the first stage, the stress-strain curve is approximately linear, with continuous accumulation of elastic energy. In the microcrack evolution and unstable propagation stage, the stress-strain curve presents an upward convex form; existing cracks in the specimen expand, new cracks form, and the stress reaches the maximum value at the end of this stage. In the strain softening stage, the stress decreases with the increase of strain, the bearing capacity of the concrete specimen decreases rapidly, and the concrete specimen undergoes rapid deformation.
By comparing the characteristics of the stress-strain curves of concrete specimens under different strain rates, it is evident that there are certain differences in the basic characteristics of the curves under different strain rates.
(1) As the strain rate [image: image] increases, the peak stress σc of the specimens under different sulfate concentrations has the same variation law. Specifically, the peak stress increases gradually as the strain rate increases. Therefore, the peak stress is significantly influenced by the strain rate.
(2) As the strain rate [image: image] increases, the slope of stress-strain curve rarely changes in the approximate linear elastic stage, indicating that the sensitivity of elastic modulus E of the specimen to strain rate [image: image] is relatively low.
(3) As the strain rate [image: image] increases, the peak strain and the corresponding strain length during the strain softening process both increase gradually, indicating that the deformation degree of the specimen increases continuously. In fact, the increasing strain rate leads to the development of more cracks, resulting in the increase of internal defects and softening deformation after the peak.
3.2 Variation law of basic dynamic mechanical performance parameters with strain rate
Based on the stress-strain curve of the specimen under high strain rate, the variation of the specimen’s compressive strength σc with the strain rate [image: image] is analyzed. Figures 6, 7 show the variation curves of the compressive strength σc with the strain rate [image: image] under different concentrations of sulfate attack. The average strain rate is the average value of the strain rates measured from several specimens under the same impact pressure.
[image: Figure 6]FIGURE 6 | Variation curve of dynamic peak strength σC of specimens subject to sulfate attack with the high strain rate [image: image]. (A) C = 0.0%. (B) C = 3.0%. (C) C = 6.0% (D) C = 9.0%.
[image: Figure 7]FIGURE 7 | Comparison of the variation law of the compressive strength (σc) of the specimen with the strain rate ([image: image]) under the sulfate attack of different concentrations.
As shown in Figure 6, with the increase of strain rate [image: image], the strength σc of both non-eroded and eroded specimens gradually increases, showing obvious strain rate effect. Specifically, once the strain rate exceeds a certain value, the compressive strength increases significantly with the increase of strain rate. The specific change process is as follows:
(1) When C = 0.0%, as the strain rate increases from 34.05/s to 90.38/s, the compressive strength of the specimen increases from 68.26 MPa to 101.67 MPa, with an increase of 48.95%; (2) When C = 3.0%, as the strain rate increases from 49.71/s to 95.43/s, the compressive strength of the specimen increases from 41.28 MPa to 82.82 MPa, with an increase of 100.63%; (3) When C = 6.0%, as the strain rate increases from 41.16/s to 105.62/s, the compressive strength of the specimen increases from 31.34 MPa to 73.63 MPa, with an increase of 134.94%; (4) When C = 9.0%, as the strain rate increases from 43.62/s to 96.47/s, the compressive strength of the specimen increases from 26.21 MPa to 67.64 MPa, with an increase of 158.07%.
The compressive strength σc and strain rate [image: image] of the specimens under sulfate attack of different concentrations were linearly fitted (see Figure 7). The slopes of the [image: image] linear equation for sulfate concentrations of 0.0%, 3.0%, 6.0% and 9.0% are 0.6391, 0.9434, 0.6618 and 0.7713, respectively. The slope of the linear equation of the eroded specimens is higher than that of the non-eroded specimens, which indicates that the strain rate effect on compressive strength of the eroded specimens is more obvious than that of the non-eroded specimens. However, due to the more significant effect of sulfate attack on the specimens’ strength, the strength of the eroded specimens is still lower than that of the non-eroded specimens at high strain rates.
Based on the stress-strain curve of the eroded specimen under high strain rate, the variation of the elastic modulus E with the strain rate [image: image] was analyzed. Figures 8, 9 show the variation curves of specimens’ elastic modulus E with the strain rate [image: image] under different concentrations of sulfate attack.
[image: Figure 8]FIGURE 8 | Variation curve of elastic modulus E of specimens subject to sulfate attack with the high strain rate [image: image]. (A) C = 0.0% (B) C = 3.0%. (C) C = 6.0% (D) C = 9.0%.
[image: Figure 9]FIGURE 9 | Comparison of the variation law of the elastic modulus E of the specimen with the strain rate [image: image] under the sulfate erosion of different concentrations.
As shown in Figure 8, with the increase of strain rate [image: image], the elastic modulus E of the specimen gradually increases. The specific change process is as follows: (1) When C = 0.0%, as the strain rate increases from 34.05/s to 90.38/s, the elastic modulus of the specimen increases slightly from 32.79 GPa to 36.21 GPa, with an increase of 10.43%; (2) When C = 3.0%, as the strain rate increases from 49.71/s to 95.43/s, the elastic modulus of the specimen increases from 24.63 GPa to 33.41 GPa, with an increase of 35.65%; (3) When C = 6.0%, as the strain rate increases from 41.16/s to 105.62/s, the elastic modulus of the specimen increases from 15.79 GPa to 23.92 GPa, with an increase of 51.49%; (4) When C = 9.0%, as the strain rate increases from 43.62/s to 96.47/s, the elastic modulus of the specimen increases from 13.05 GPa to 19.47 GPa, with an increase of 49.20%.
With the increase of strain rate, the elastic modulus increases, indicating that the deformation resistance of the specimen gradually increases. In fact, at a higher strain rate, the lateral deformation in the middle of the specimen is limited due to the inertial effect. The higher the strain rate [image: image], the greater the limiting effect. As a result, the deformation resistance of the specimen increases with the increase of the strain rate.
The elastic modulus E and strain rate [image: image] of the specimens under sulfate attack of different concentrations are linearly fitted (see Figure 9). The slopes of E-[image: image] linear equation of the specimen at the sulfate concentrations of 0.0%, 3.0%, 6.0% and 9.0% are 0.0636, 0.1884, 0.1163 and 0.1060, respectively. The slope of the linear equation of the eroded specimen is greater than that of the non-eroded specimens, indicating that the strain rate effect on the elastic modulus E of the eroded specimens is stronger than that of the non-eroded specimens. Since the elastic modulus of the eroded specimens decreases more significantly, under the higher strain rate, the elastic modulus of the eroded specimen is still lower than that of the non-eroded specimen.
Figures 10, 11 shows the variation of peak strain of concrete with strain rate [image: image] under different concentrations of sulfate erosion.
[image: Figure 10]FIGURE 10 | Variation curve of peak strain εc of specimens subject to sulfate attack with the high strain rate [image: image]. (A) C = 0.0% (B) C = 3.0%. (C) C = 6.0% (D) C = 9.0%.
[image: Figure 11]FIGURE 11 | Comparison of the variation law of the peak strain (εc) of the specimen with the strain rate ([image: image]) under the sulfate attack of different concentrations.
Under different concentrations of sulfate erosion, the peak strain of the specimen shows a significant strain rate effect (see Figure 10). Overall, the peak strain of the specimen gradually increases with the increase of strain rate, and at higher strain rates, the slope of the change curve shows a decreasing trend. The specific change process is as follows: (1) When C = 0.0%, as strain rate increases from 34.05/s to 90.38/s, the peak strain of the specimen increases from 0.002637 to 0.004604, with an increase of 74.59%; (2) When C = 3.0%, as strain rate increases from 49.71/s to 95.43/s, the peak strain of the specimen increases from 0.002818 to 0.004812, with an increase of 70.76%; (3) When C = 6.0%, as strain rate increases from 41.16/s to 105.62/s, the peak strain of the specimen increases from 0.002945 to 0.005509, with an increase of 87.06%; (4) When C = 9.0%, as strain rate increases from 43.62/s to 96.47/s, the peak strain of the specimen increases from 0.002738 to 0.006436, with an increase of 135.06%.
In fact, as the strain rate increases, the number of cracks generated increases, and the deformation of the specimen at the peak strength increases, resulting in an increase in peak strain. However, as the strain rate increases, the load application time shortens, leading to a shorter deformation time for specimen. Therefore, the combined effect of these two factors may cause the peak strain to increase more slowly with increasing strain rate at higher strain rates.
The logarithmic function provides a good fit for the relationship between the peak strain and strain rate of specimens under sulfate erosion (see Figure 11). The linear coefficients corresponding to concentrations of 0.0%, 3.0%, 6.0%, and 9.0% are 0.0021, 0.0028, 0.0029, and 0.0052, respectively. The strain rate effect on the peak strain of the specimens subjected to sulfate erosion at concentrations of 3.0% and 6.0% shows little change compared to the specimens without erosion. However, the strain rate effect on the peak strain of the eroded specimens at a concentration of 9.0% is significantly enhanced compared to the non-eroded specimens. This indicates that under erosion at a concentration of 9.0%, the effect of strain rate on the toughness of concrete is more significant.
3.3 The influence of strain rate on the macroscopic failure characteristics of specimens
Figures 12–15 show the failure modes of specimens subject to sulfate erosion under different loading strain rates [image: image]. The test results indicate that the tensile failure is the primary failure mode of the specimen under uniaxial impact compression. The change rule of the failure mode of the specimen under different concentration of sulfate attack with the strain rate [image: image] is similar, and the specific change rule is as follows:
(1) Under the same concentration of sulfate attack, the breakage degree of specimens increases with the increase of strain rate [image: image]. At a lower strain rate, cracks are generated from the periphery of the specimen, and the specimens are broken into several large blocks, with some fragments. The specimen cracks are large and run through the surface of the specimen. With the increase of the strain rate [image: image], the crushing degree of the specimen is intensified, and the crushing area also continuously increases. Finally, the specimen is completely broken into small pieces under the high strain rate, and explosive failure occurs. The failure mode changes from axial failure to crushing failure.
(2) There are three fracture forms of concrete specimens under dynamic load: (1) the breaking of cement colloid, (2) the interface separation caused by the loss of adhesive force between cement and aggregate, and (3) the fracture of aggregate. These three fracture forms coexist in specimens under different strain rates in this study.
[image: Figure 12]FIGURE 12 | Macro failure mode of concrete specimens under different strain rates (C = 0.0%). (A) [image: image] = 32.06/s (B) [image: image] = 46.22/s (C) [image: image] = 78.27/s (D) [image: image] = 91.69/s.
[image: Figure 13]FIGURE 13 | Macro failure mode of concrete specimens under different strain rates (C = 3.0%). (A) [image: image] = 43.25/s (B) [image: image] = 60.38/s (C) [image: image] = 73.06/s (D) [image: image] = 102.14/s.
[image: Figure 14]FIGURE 14 | Macro failure mode of concrete specimens under different strain rates (C = 6.0%). (A) [image: image] = 37.28/s (B) [image: image] = 68.59/s (C)[image: image] = 84.24/s (D) [image: image]= 108.85/s.
[image: Figure 15]FIGURE 15 | Macro failure mode of concrete specimens under different strain rates (C = 9.0%). (A) [image: image] = 38.02/s (B) [image: image] = 61.14/s (C) [image: image] = 82.75/s (D) [image: image] = 97.66/s.
4 ENERGY DISSIPATION CHARACTERISTICS OF CONCRETE UNDER THE HIGH STRAIN RATE
Under the impact load, the concrete fracture caused by stress inevitably consumes a portion of the stress wave energy for crack propagation and the formation of new surface area (Shi et al., 2023; Shi et al., 2024). The energy consumption for crack propagation and new crack formation during concrete fragmentation is significantly different under different loading conditions. Therefore, to effectively crush or reinforce concrete, it is important to understand the differences in energy consumption for concrete crushing under various loading conditions.
4.1 Energy calculation principle of concrete under dynamic load
According to the test principle, the energy dissipation of concrete specimens during 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 functions for the incident energy W I (J), reflected energy WR (J), and transmitted energy WT (J) in the SHPB experimental system are as shown in Equation 1.
[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, 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 shown in Equation 2.
[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 The effect of strain rate on energy dissipation of concrete under sulfate erosion
Based on the experimental results, the energy eigenvalues of non-eroded and eroded specimens (C = 9.0%, t = 270 days) under different strain rates were calculated (see Tables 2, 3). And standard deviations were also calculated, indicating that the experimental results are relatively stable.
TABLE 2 | Energy calculation results of uniaxial impact compression of non-eroded specimens.
[image: Table 2]TABLE 3 | Energy calculation results of uniaxial impact compression of eroded specimens (C = 9.0%, t = 270 days).
[image: Table 3]Figure 16 shows the curves of energy WJ with strain rate of the non-eroded specimen. It can be seen from Figure 16 that with the increase of strain rate, the energies of non-eroded specimens show an increasing trend under impact loading. The change process is as follows: when the strain rate [image: image] increases from 34.05/s to 90.38/s, the incident energy WI increases from 56.64 J to 187.74 J (a 3-fold increase); the reflected energy WR increases from 5.39 J to 54.39 J (a 10-fold increase); the transmitted energy WT increases from 43.90 J to 111.58 J (a 2.54-fold increase); and the dissipated energy WL increases from 7.34 J to 21.77 J (a 2.97-fold increase).
[image: Figure 16]FIGURE 16 | Curve of the energy value WJ of the non-eroded specimen changing with [image: image].
The fitting relationship between energy WJ and strain rate [image: image] of non-eroded specimen is as shown in Equation 3.
[image: image]
Figure 17 shows the curves of energy WJ with strain rate of the eroded specimen (C = 9.0%). It can be seen from Figure 17 that with the increase of strain rate, the energies of eroded specimens show an increasing trend under impact loading. The change process is as follows: when the strain rate increases from 43.62/s to 96.47/s, the incident energy WI increases from 42.47 J to 181.78 J (a 8.35-fold increase); the reflected energy WR increases from 13.12 J to 73.99 J (a 5.64-fold increase); the transmitted energy WT increases from 3.13 J to 37.92 J (a 12.12-fold increase); and the dissipated energy WL increased from 26.21 J to 69.88 J (a 2.67-fold increase).
[image: Figure 17]FIGURE 17 | Curve of the energy value WJ of the eroded specimen changing with [image: image] (C = 9.0%).
The fitting relationship between energy WJ and strain rate of eroded specimen (C = 9.0%,t = 270 days) is as shown in Equation 4.
[image: image]
The sensitivity of energy absorption capacity to strain rate [image: image] before and after erosion is compared. Figure 18 shows the variation of dissipation energy WL0 and WLT with strain rate [image: image].
[image: Figure 18]FIGURE 18 | Curve of dissipation energy WL of specimen changing with strain rate [image: image] before and after erosion.
As shown in Figure 18, the dissipation energy WL of both non-eroded and eroded specimens increases with the increase of strain rate. In fact, at high strain rates, the micro-structure inside the concrete (such as the inter-facial transition zone between cement paste and aggregate) is more susceptible to damage. Under high strain rate impact, micro-cracks rapidly propagate and form more fracture surfaces, thereby absorbing more energy and leading to an increase in dissipated energy. Moreover, the sensitivity of the dissipation energy WLT of eroded specimens to strain rate is higher than that of non-eroded specimens WL0. This phenomenon may be due to the loose deformation of the eroded specimen, and the dissipation energy WL is more sensitive to the strain rate under impact loading.
At the same strain rate, a comparison of the dissipation energy WL of non-eroded and eroded concrete specimens reveals that the energy absorption capacity of eroded specimens is obviously higher than that of non-eroded specimens. In fact, after being subjected to sulfate attack, the internal physical characteristics of concrete are altered, primarily due to changes in the internal joints and fractures. Under sulfate attack, some materials within the concrete, such as calcium hydroxide, undergo chemical reactions, leading to a loss of internal material volume and the formation of new joints and fractures. Meanwhile, the generated ettringite causes the joints and fractures to expand. The increase in the number of cracks, joints, and defect surfaces reduces the stability of the concrete, thereby diminishing its ability to resist damage. Under high strain rate, more cracks, joints, and defect surfaces are involved in the development and expansion of fractures. This leads to an increase in the dissipated energy of the eroded concrete compared to the non-eroded concrete, enhancing its energy absorption capacity. Therefore, the macroscopic damage of the concrete under impact loading becomes more severe after erosion.
To further investigate the effect of strain rate on the energy utilization rate during the failure process of the specimen, the variation of the ratios of the reflected energy (WR), transmitted energy (WT) and the dissipation energy (WL) to the incident energy (WI) with the strain rate were studied. Figures 19, 20 show the ratios of these energies to incident energy (WI) with strain rate for non-eroded and eroded specimens under impact loading.
[image: Figure 19]FIGURE 19 | Curve of RJ of non-eroded specimen changing with [image: image].
[image: Figure 20]FIGURE 20 | Curve of RJ of eroded specimen changing with [image: image].
As seen in Figure 19: the proportion of reflected energy to incident energy of the non-eroded specimen increases with the increase of strain rate, while the proportion of transmitted energy decreases with the increase of strain rate. The ratio of dissipation energy changes little with the increase of strain rate. The change process is as follows: when the strain rate increases from 34.05/s to 90.38/s, the proportion of reflected energy increases from 9.52% to 28.97%, with an increase of 204.43%; the proportion of transmitted energy decreases from 77.51% to 59.43%, with an decrease of 23.32%; the proportion of dissipation energy decreases slightly from 12.97% to 11.59%, with an decrease of 10.61%.
As seen in Figure 20: with the increase of strain rate, the proportion of reflected energy and transmitted energy to incident energy of the eroded specimen (C = 9.0%, t = 270 days) increases, while the proportion of dissipation energy decreases. The change process is as follows: when the strain rate increases from 43.62/s to 96.47/s, the proportion of reflected energy increases from 30.90% to 40.70%, with an increase of 31.72%; the proportion of transmitted energy increases from 7.36% to 20.86%, with an increase of 183.35%; the proportion of dissipation energy decreases from 61.72% to 38.44%, with an decrease of 37.72%.
It indicates that the increase of strain rate will decrease the energy utilization ratio during the failure process of eroded concrete. The reason may be that the strength of the specimen decreases greatly and the structure becomes loose under the effect of sulfate attack. When the strain rate is high, the specimen can not absorb enough energy before it is destroyed. Moreover, the extent of increase of dissipation energy with the strain rate is less than that of the incident energy. Therefore, the ratio of dissipation energy decreases with the increase of strain rate.
5 CONCLUSION
In this study, the Split Hopkinson pressure bar (SHPB) test system was used to conduct the uniaxial impact compression test of concrete specimens under sulfate attack. The variation laws of the stress-strain curve, compressive strength, elastic modulus, characteristics of energy dissipation and macroscopic failure characteristics of concrete under different concentrations of sulfate attack with strain rate were analyzed. The research results can provide important reference for the establishment of damage evolution models and dynamic response calculations which are the basis for reasonable design of building structures and the evaluation of the blast and impact resistance performance of concrete structures in existing marine erosion environments. The main conclusions are as follows:
(1) The compressive strength and elastic modulus of concrete under different concentrations of sulfate show a certain strain rate effect. As the strain rate increases, both the compressive strength and elastic modulus of concrete gradually increase. The strain rate effect on the compressive strength and elastic modulus of eroded concrete is stronger than that of the non-eroded concrete. Overall, the peak strain of concrete gradually increases with the increase of strain rate, but after exceeding a certain strain rate, the change in peak strain becomes less significant.
(2) Under the same concentration of sulfate attack, with the increase of strain rate, the fragmentation degree of specimens increases, and the crushing area also expands. Finally, the concrete is completely broken into small pieces under high strain rate, leading to a explosive failure of the concrete specimen.
(3) As the strain rate increases, the incident energy, reflected energy, transmitted energy, and dissipated energy of the specimen all show an increasing trend; the dissipated energy of the eroded specimen is more sensitive to the strain rate, however an increase of strain rate will significantly reduce the energy utilization efficiency during the failure process of the eroded specimen.
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