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To study the failure of red sandstone under extremely high stress during the service life of tunnels, an in-depth study was conducted on the mechanical properties of red sandstone under uniaxial loading and cyclic loading and unloading processes at different pH values using the AG-250kNIS electronic precision material testing machine and MTS815 mechanical testing machine. The results show that as the acidity and alkalinity increase, the peak stress under uniaxial loading decreases and the axial strain increases,The peak stress at failure is 9.40, 12.37, 7.18, and 5.36 MPa, respectively, accounting for 74.19%, 68.91%, 40.38%, and 36.21% of the uniaxial compressive strength; The number of cycles significantly decreases during cyclic loading and unloading fatigue failure, and the stress required for sandstone failure gradually decreases. The peak strength and elastic modulus of sandstone show a decreasing trend, indicating that the hydrochemical environment plays an accelerating role in rock degradation. During the cyclic loading and unloading process of sandstone, there is a continuous increase in dissipated energy and finally a sudden increase, the [image: image] and [image: image] ratios at the peak point of sandstone in the natural state are 0.399 and 0.601, respectively, while the overall elastic energy shows an increasing trend; and a damage evolution model was established based on dissipative energy, which can better describe the degradation process of red sandstone.
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1 INTRODUCTION
At present, in the critical period of international geotechnical engineering research, worldwide tunnel construction is at a stage where both new construction and maintenance are given prominence, and the exploration of rock mass development is continuously advancing, and the maintenance and preservation of existing tunnel structures have received unprecedened attention. The deterioration of sandstone under stress can have an impact on the deformation of tunnel lining, and different geological environments can also have certain impacts. Sandstone is subjected to loads such as vibration and machinery, as well as complex water environment erosion. The tunnel rock mass under extremely high stress is more prone to deterioration in mechanical properties under the erosion of the surrounding water environment, and the internal structure of the rock is often damaged, seriously threatening the safety and maintenance difficulty of tunnel engineering. Therefore, studying the fatigue failure of sandstone under the combined action of acid-base water environment and different load modes is of great significance.
There have been many research results on the mechanical properties of rocks in hydro-chemical environments. Wang et al. (2012) conducted corrosion tests on sandstone using different chemical solutions. The results showed that after soaking in aqueous chemical solutions, the elastic modulus, residual strength, and peak strength of the samples showed different rates of decrease. Different pH values and ion types had a significant impact on the macroscopic mechanical properties of sandstone samples. Chen et al. (2010) studied the effects of chemical solutions and stress on rocks and found that different pH values and peripheral pressures have an impact on the strength of rock samples. The results showed that the stronger the acidity and alkalinity of the solution, the lower the maximum strength and elastic modulus of the rock. Miao et al. (2016) and others simulated the changes in the physical parameters of granite and found that the higher the concentration of acid solution, the more obvious the deterioration of the rock. Researchers study the changes in the physical and mechanical properties of rocks under the influence of acidic and alkaline solution environments, as well as the effects of different hydro-chemical solutions on the internal structure of rocks (Wang et al., 2016; Liu et al., 2019; Liu et al., 2017). The mechanical properties of rocks under different stresses and frequencies under uniaxial and cyclic loads were studied using acoustic emission and CT methods. Rong et al. (2019). studied the influence of the hydro-chemical environment on the demonstration of microstructure through uniaxial experiments and mercury intrusion experiments; Li GL. et al. (2017). studied the timeliness of rocks under hydro-chemical action through uniaxial impact tests, and obtained the response law of rocks under dynamic compression after erosion; Pan et al. (2022). conducted chemical treatment on single fractured rocks, studied the deformation characteristics under uniaxial action, and proposed a constitutive model for coupled damage of hydro-chemical and fractured rocks. Yu et al. (2019). conducted mechanical tests on sandstone soaked in solutions with different pH values and subjected to freeze-thaw cycles, analyzing the mechanical degradation patterns and changes in porosity under the dual effects of hydro-chemical solutions and freeze-thaw cycles. Most of these studies have only considered the hydrochemical environment in which the rock mass is located, but rock masses under extremely high ground stress will exhibit new mechanical properties and failure characteristics, and there is currently little research on this aspect. Therefore, studying the dynamic mechanical properties and failure characteristics of rocks under extremely high stress in a hydrochemical environment can supplement the deficiencies in existing research on deep rock mechanics, and it is of great significance for deep excavation engineering.
Many scholars have also studied the physical properties of rocks under hydro-chemical corrosion conditions (Stewart and Val, 1999; Michael, 1998; Liu et al., 2018). This article takes tunnels under high stress in polar regions as the background and uses rocks eroded by hydro-chemical environments for uniaxial compression experiments and cyclic load experiments to analyze the mechanical properties and failure laws of sandstone under acidic and alkaline environments. This can provide a reference for the stability of tunnel rock masses and the evaluation and maintenance of tunnel safety.
2 TUNNEL CHARACTERISTICS AND ROCK SAMPLE PREPARATION
2.1 Extreme geological characteristics of the tibet railway
The geological terrain of the Tibet Railway is complex, with active plate structures along the line, dense active cracks, strong seismic intensity, significant terrain fluctuations, and prominent natural disasters. Great technical challenges are encountered in the construction and maintenance of tunnel systems. The compressive action of crustal tectonic movements on the strata leads to the complication of the rock mass structural stress field and a state of extremely high stress; rocks under high stress often exist in a critical state after excavation, and are highly susceptible to unstable failure when subjected to dynamic loads from high-frequency mechanical drilling, blasting, and other engineering activities. At the same time, the depth of the railway tunnel entering Tibet is relatively deep, and the problems caused by high stress should not be underestimated. Weak rock masses, will slowly deform under the action of geostress, damaging tunnel support measures, causing tunnel deformation, and even leading to tunnel abandonment. Due to the complex structure and active tectonic movements in the area where the tunnel is located, the lithology of the strata along the route is uneven and the rock quality is complex. The problems of hard rock explosions and soft rock deformation are prominent, and have a significant impact on deep-buried tunnels.
The underground water reserves along the tunnel are abundant. Under high stress, rocks along the tunnel are prone to fracture and deformation, and the fractures are well-developed, creating conditions for the accumulation of groundwater. Rich groundwater not only leads to sudden water surges, affecting tunnel construction and operation but also may cause tunnel collapse accidents.
2.2 Rock preparation and experimental design
2.2.1 Sample preparation
The red sandstone used in the experiment was taken from a sloping site in Chongqing, and each group of sandstone samples was drilled from the same rock mass to ensure the relative uniformity of the sandstone. The sandstone rock samples were complete, uniform in texture, and strictly processed into standard cylinders with a diameter of 50 mm and a height of 100 mm by relevant regulations and standards. Measure the wave velocity of the considered sandstone, exclude samples with relatively large differences, retain samples with smaller differences, and group sandstones with similar wave velocities to reduce differences between samples.
2.2.2 Experimental design
In actual rock engineering, the water in contact with the rock is a hydro-chemical solution, and the ion composition in the solution is very complex. To study the effects of acidity and alkalinity on sandstone, it is necessary to consider the complex water environment’s impact on the rock (Cui et al., 2008; Zhang et al., 2022; Zhang et al., 2021). To present the process of hydro-chemical corrosion in a short period, a solution with a pH value higher or lower than the engineering groundwater is used in the experimental design to accelerate the experimental process.
Divide all sandstones into 5 groups, set different pH values, and prepare solutions with pH 3, 5, 7, 9, and 11 using a 0.1 mol/L HCl and NaOH solution. The pH error of the solution is ±0.1. To minimize experimental errors, the experiment was conducted at an ambient temperature of 20°C, with a time-sealed immersion for 21 days to simulate water chemical erosion conditions. The experimental samples are sandstone soaked in solutions of pH 3, pH 5, pH 7, pH 9, and pH 11.
The uniaxial compression test was conducted using the AG-250kNIS electronic precision material testing machine, with displacement control and a loading rate of 0.05 mm/min. The cyclic loading and unloading test was conducted using the MTS815 testing machine. MTS815 is a multifunctional electro-hydraulic servo controlled rigid testing machine specifically designed for rock and concrete experiments, produced by MTS Systems in the United States. It can test the deformation and strength characteristics as well as mechanical index parameters of rocks and concrete under various mechanical actions (uniaxial and triaxial), meeting the requirements of mechanical loading testing in this experiment. The lower limit of the load on the pH7 sample was kept constant at 2.5 MPa, and the upper limit stress increased by 2.5 MPa with each cycle level in the cyclic fatigue mechanics experiment. Perform cyclic loading and unloading stress-strain experiments on other samples, where the lower limit stress increases by 0.25 MPa per cycle level and the upper limit stress changes by 1 MPa per cycle level. Until the sandstone is destroyed, each stage is cycled 30 times with a frequency of 1 Hz.
Under uniaxial compression and cyclic loading and unloading conditions, the test results are processed to analyze changes in deformation parameters, changes in sandstone failure, study the degradation of sandstone mechanical properties under different acidic and alkaline environments and analyze the degradation of sandstone under acidic and alkaline erosion environments.
3 ANALYSIS OF EXPERIMENTAL RESULTS
3.1 Comparison of specimens before and after erosion
Under the action of acid-base erosion, it has been observed that compared to the natural state, the surface of sandstone samples exhibits significant roughening and the formation of pores. This phenomenon indicates that the corrosive effect of acid-base solutions on rock samples progresses from the exterior towards the interior, with the outer surface of the rock samples being the first to undergo corrosion. Meanwhile, as the acidity and alkalinity of the solution increase, the surface roughness of the sample becomes more pronounced, the pore range expands, and the area increases (Meng et al., 2022; Yang et al., 2021). This indicates that the stronger the acidity and alkalinity of the solution, the higher the degree of corrosion the sample is subjected to.
3.2 Uniaxial compression test results and analysis
Based on the data obtained from uniaxial compression experiments, the mechanical parameters of sandstone soaked in different acid-base solutions were calculated, and the stress-strain curve of sandstone was plotted.
From the Table 1, it can be seen that the order of compressive strength of sandstone after soaking in different acid-base solutions is: natural state > pH7 > pH5 > pH9 > pH11 > pH3. As the acid-base properties of the solution increase, the compressive strength of the sandstone gradually decreases, and the peak strain of the sandstone gradually increases. The stronger the acidity and alkalinity of the solution, the greater the corrosive effect on sandstone. The corrosion effect of neutral to alkaline sandstone is weaker than that of an acidic environment. Macroscopically, it is manifested as a decrease in the rate of increase in peak strain of the sample compared to an acidic environment, but it has a certain corrosion effect on sandstone.
TABLE 1 | Mechanical parameters of sandstone soaked in different acid-base solutions.
[image: Table 1]From Figure 7, it can be seen that the stress-strain curves of sandstone after soaking in different acidic and alkaline solutions exhibit consistency. According to the stress-strain curve of sandstone, it can be divided into three stages: compaction stage, elastic deformation stage, and yield failure stage (Li et al., 2020).
(1) Compression stage: At the beginning, sandstone bears relatively small stress, and small internal cracks are compacted. The stress-strain curve shows an upward concave shape, and the early stress and strain show a non-linear relationship. As shown in the figure, the natural concave segment is very short and quickly enters the elastic strain stage (Guo et al., 2021). The concave stage of the sample corroded by acid-base solution has increased compared to the natural state. The length of the concave and convex stages on the curve is related to the development of internal defects and voids. After soaking in different acidic and alkaline solutions, the internal structure of sandstone is damaged, and the pores increase. Macroscopically, it exhibits different corrosion effects, so the compaction stage of sandstone increases to varying degrees. From the graph, it can be seen that the initial elastic modulus of sandstone samples in a natural state is greater than that of sandstone samples soaked in acid-base solutions. Based on the above, it can be seen that the porosity of sandstone samples increases after chemical solution corrosion.
(2) Elastic deformation stage: In this stage, the primary cracks close, and the stress-strain curve can be approximated as a straight line, showing a linear variation (Han et al., 2013). After the sandstone is corroded, the elastic stage extends and the slope of the elastic stage decreases. After soaking in an acid-base solution, the elastic stage of the sandstone sample becomes shorter than in its natural state. With the increase of acid-base properties, the yield stress of the sandstone sample gradually decreases, and the sample enters the yield stage earlier, leading to greater degradation. Rock can be treated with solutions of different acidity and alkalinity, and the degree of deterioration can be reflected by the elastic modulus. The stronger the acidity and alkalinity, the more significant the degradation, the smaller the elastic modulus, and the neutral environment also has a certain effect on sandstone.
(3) Yield failure stage: At this stage, cracks begin to develop in sandstone, and small cracks gradually develop. The stress-strain curve shows a downward convex shape (Liu et al., 2014). After being subjected to acid-base environments, the yield failure stage of sandstone is more pronounced than in its natural state. In the natural state, the sample quickly reaches its peak after the elastic stage, while the sample without treatment in the yield stage is obvious. The peak strain of the processed sample has increased compared to the natural state, and the degree of degradation of the elastic modulus has also increased. In the failure stage, the stress drop is significant, and the failure rate of the specimen in its natural state is greater than that of the treated specimen. Cracking often occurs during destruction, and the stress decreases in a cliff-like manner without residual strength.
[image: Figure 1]FIGURE 1 | Rock burst hazards.
[image: Figure 2]FIGURE 2 | Tunnel scrapping.
[image: Figure 3]FIGURE 3 | Rock samples soaked in different pH solutions.
[image: Figure 4]FIGURE 4 | AG-250kNIS electronic precision material testing machine.
[image: Figure 5]FIGURE 5 | MTS815 test equipment diagram.
[image: Figure 6]FIGURE 6 | Deformation and failure diagram of sandstone under uniaxial compression.
[image: Figure 7]FIGURE 7 | Complete stress-strain curve under uniaxial compression.
[image: Figure 8]FIGURE 8 | Changes in peak stress and elastic modulus of sandstone.
In its natural state, the peak stress of sandstone is 27.37 MPa. After soaking in solutions with pH values of 3, 5, 7, 9, and 11, the peak stress of sandstone is 12.68, 17.95, 20.99, 17.78, and 14.80 MPa, respectively, which is 53.67%, 34.41%, 23.31%, 35.04%, and 45.92% lower than that of natural sandstone. This indicates that the acid-base solution has a significant impact on the damage and deterioration of sandstone, and has created more micropores inside the sandstone, accelerating its degradation. The peak strain of the sample in the neutral solution has increased compared to the natural state, but the increase is smaller than in other solutions, indicating that the neutral solution can also affect the sample. Meanwhile, by comparing the experimental results under pH 3, pH 5, pH 9, and pH 11 conditions, it was found that acidic solutions have a greater impact on the mechanical properties of rocks than alkaline solutions.
3.3 Results and analysis of cyclic loading and unloading tests
3.3.1 Stress-strain relationship
The stress-strain curve obtained from cyclic loading and unloading mechanical tests with varying upper and lower limits on sandstone is shown in Figure 9.
[image: Figure 9]FIGURE 9 | (A) Stress-strain curve at pH3. (B) Stress-strain curve at pH5. (C) Stress-strain curve at ph7. (D) Stress-strain curve at pH9. (E) Stress-strain curve at pH11.
From the Figure 9, it can be seen that under neutral conditions, the formation of internal fractures in sandstone is not obvious, and only a small amount of reaction occurs. Under weakly acidic conditions, the mechanical degradation of sandstone is not significant. This is because sandstone undergoes chemical reactions in acidic environments to inhibit further degradation of red sandstone, resulting in a less significant increase in peak strain. After corrosion by an acidic solution, it can be observed that due to the strengthening of acidity, the effect on sandstone becomes stronger, with a significant increase in internal pores and a significant decrease in elastic modulus. Under weakly alkaline conditions, the strain of sandstone has undergone significant changes, with the alkaline situation becoming more pronounced. This is due to reactions occurring inside the rock, increasing internal pores. The comparison results show that with the increase of the pH value of the soaking solution, the compaction and yield sections of the rock sample show a significant slowdown and elongation compared to neutral conditions, and the number of cycles of sandstone fracture decreases, leading to a decrease in peak strength.
Overall, the stress-strain curves of red sandstone in various states maintain high consistency, with significant changes compared to the uniaxial compression curve, indicating that the cyclic loading and unloading scheme promotes the development of internal cracks in the sample; After repeated loading and unloading and the coupling effect of acid-base solution, the deterioration of the rock sample becomes more pronounced (Li JC. et al., 2017).
3.3.2 Peak stress and peak strain
The peak stress and peak strain of samples soaked in different pH values are shown in the following figures.
From Figure 10, it can be seen that the sandstone soaked in pH 7 solution undergoes failure at the ninth level of cyclic loading. At the time of failure, the maximum stress is 26.18 MPa, accounting for 95.6% of the uniaxial compressive strength. From Figure, it can be seen that the sandstone undergoes failure at the seventh level of loading when soaked in pH 3, pH 5, pH 9, and pH 11 solutions. The maximum stress at failure is 9.40, 12.37, 7.18, and 5.36 MPa, respectively, accounting for 74.19%, 68.91%, 40.38%, and 36.21% of the uniaxial compressive strength. The peak stress of sandstone soaked in different solutions decreased, which is due to the promotion of internal crack propagation under multiple loading and unloading actions, resulting in a decrease in sample strength. Strong acidic and alkaline environments have a more significant impact on the strength degradation of sandstone and have a greater impact on its strength characteristics.
[image: Figure 10]FIGURE 10 | Relationship between solution pH value and peak stress.
In neutral conditions, the peak stress under uniaxial compression is 27.37 MPa, and under cyclic loading and unloading conditions, the peak stress is 26.18 MPa, which is a decrease of 4.34% compared to uniaxial compression. This indicates that under loading and unloading, the yield stress gradually decreases and the sample strength slightly decreases.
From Figure 11, it can be seen that the solutions with pH = 3 and pH = 11 have the greatest impact on the peak strain of sandstone. This is because, in strongly acidic and alkaline environments, the degradation of the sample accelerates, leading to the gradual development of pores and an increase in strain.
[image: Figure 11]FIGURE 11 | Relationship between solution pH value and peak strain.
3.3.3 Axial strain and loading unloading relationship
The axial strain and loading-unloading relationship of sandstone are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Relationship between axial strain and loading and unloading cycles.
As the number of loading and unloading increases, the samples soaked in different solutions show a linear growth trend. When the number of cycles is small, the axial strain remains at a lower level. As the load is applied and the number of loading and unloading increases, the axial strain rate is faster than before.
After soaking in an acid-base solution, the maximum axial strain of sandstone in each cycle stage is greater than that in a neutral environment. As the number of cycles increases, the axial strain continuously increases.
By comparing the two test methods of uniaxial loading and graded cyclic loading and unloading, it was found that during the cyclic loading and unloading test, the peak strength of sandstone showed a decreasing trend with the increase of the acidity and alkalinity of the soaking solution. The failure stress of sandstone under pH 3, pH 5, pH 9, and pH 11 solution soaking was 63.87%, 52.44%, 72.41%, and 79.56% lower than that of natural sandstone, respectively. Comparing the results of uniaxial compressive strength tests, it was found that the peak stresses of sandstone after soaking in pH 3, pH 5, pH 7, pH 9, and pH 11 solutions were 12.68, 17.95, 20.99, 17.78, and 14.80 MPa, respectively, which were 53.67%, 34.41%, 23.31%, 35.04%, and 45.92% lower than natural sandstone.
In the same acidic and alkaline environment, the peak strength of sandstone in cyclic loading and unloading tests is lower than that in uniaxial compression tests. This is due to the chemical corrosion effect of acid-base solutions on sandstone, and the fatigue damage caused by cyclic loading and unloading tests on sandstone, which accelerates the failure of sandstone. Macroscopically, the strength of sandstone is significantly reduced compared to its natural state (Shen et al., 2010).
4 ANALYSIS OF ENERGY CHARACTERISTICS UNDER CYCLIC LOADING AND UNLOADING
4.1 Calculation of energy for sandstone during the cycling process
In the stress-strain curve of cyclic loading and unloading, the loading curve, the enclosed area enclosed by the loading curve, vertical line, and horizontal axis is the total input energy; The enclosed area enclosed by the unloading curve, vertical line, and horizontal axis is the elastic performance, which is the released elastic performance stored in the rock; The area of the hysteresis loop enclosed by the loading curve, unloading curve, and horizontal axis is the dissipated energy density, which is the energy consumed by the internal damag e and plastic deformation of the rock.
[image: image]
In the formula: [image: image] represents dissipated energy, [image: image] represents elastic performance.
The variation of the energy of sandstone under cyclic loading and unloading with the number of cycles is shown in Figure 10. In the early stage of cyclic loading, almost all input energy is converted into elastic energy and stored in the rock. At this stage, the damage to the rock is relatively small, and the dissipated energy is also relatively small. The total energy curve overlaps with the elastic energy curve, and the dissipated energy is almost zero; When rock damage occurs and cumulative damage increases, input energy is consumed, and the total energy curve does not coincide with the elastic energy curve, resulting in a gradual increase in dissipated energy. As the number of cycles increases, the dissipation energy grows faster and faster. At the beginning of rock loading, the energy change is not significant, and with the increase of stress, the dissipated energy rapidly increases, resulting in more severe damage; The rapid increase in dissipated energy in the final stage indicates an increase in the energy required for damage, leading to a greater degree of rock failure.
The energy variation curves of sandstone with different pH values and cyclic levels are shown in Figure 13.
[image: Figure 13]FIGURE 13 | (A) Energy variation of sandstone at pH3. (B) Energy variation of sandstone at pH5. (C) Energy variation of sandstone at pH7. (D) Energy variation of sandstone at pH9. (E) Energy variation of sandstone at pH11.
Table 2 shows the strain energies of red sandstone at peak points under different pH water chemical solution states. As shown in the table, the strain energy of sandstone after corrosion by different pH water chemical solutions shows varying degrees of reduction compared to the natural state, indicating that different water chemical solutions have a significant impact on the strain energy of sandstone samples. According to numerical calculations, the [image: image] and [image: image] ratios at the peak point of sandstone in the natural state are 0.399 and 0.601, respectively. This indicates that most of the energy absorbed by sandstone before reaching the peak stress is stored in the form of elastic strain energy, and only a small portion of the energy is consumed by internal damage or deformation. The stored large amount of elastic energy is rapidly released after the peak stress, causing the stress of the specimen to rapidly decrease, leading to the rapid expansion of internal cracks until failure. After being corroded by a hydrochemical environment, the percentage of elastic energy stored in sandstone in input energy decreases, and different pH values have different effects on it.
TABLE 2 | Energy and energy proportion at peak points.
[image: Table 2]TABLE 3 | Fitting relationship between cumulative damage and relative cycle during rock sample deformation process.
[image: Table 3]The cumulative dissipated energy in this context refers to the total energy consumed by the rock specimen during the process of cyclic loading due to internal damage, plastic deformation, and crack propagation. This energy is not fully released during the unloading process but is dissipated as heat, sound, or other forms of energy, leading to the gradual degradation of the material’s performance. In fatigue testing, the cumulative dissipated energy is a crucial parameter as it is directly related to the material’s fatigue life and the accumulation of fatigue damage. The higher the cumulative dissipated energy, the more severe the fatigue damage to the material, and consequently, the shorter its lifespan. The energy curve during the loading phase is shown in Figure 14. As the level of cyclic loading increases, the input energy is converted into elastic performance and dissipated energy, and the proportion of dissipated energy increases, leading to an increase in cumulative damage and an increase in dissipated energy. During the fatigue deformation process of rocks, most of the energy is dissipated, leading to the full development of internal damage.
[image: Figure 14]FIGURE 14 | Relationship between energy and number of cycles at different pH values.
4.2 Analysis of damage evolution characteristics of sandstone
Rock is a typical brittle material with non-uniformity, discontinuity, and nonlinear characteristics. Under cyclic loading, the mechanical properties of rock materials gradually weaken and their strength gradually decreases, exhibiting a process of gradual damage. Theoretical analysis of the damage evolution process of rock materials and prediction of rock failure trends plays an important role in evaluating the stability of engineering rock masses. Damage refers to the phenomenon that under monotonic or cyclic loading, the micro defects of a material weaken its progressive cohesion, leading to the failure of volume units and the deterioration of the macroscopic mechanical behavior of the material (Wang et al., 2022).
For rock damage caused by fatigue loading tests, a fatigue damage variable that reflects the cumulative damage evolution during the fatigue loading process is the key to predicting fatigue instability. Different physical and mechanical parameters are used to define damage variables, such as ultrasonic velocity, elastic modulus, acoustic emission, density, hardness, resistance, dissipation energy, etc. At present, most damage variables defined from an energy perspective are based on dissipated energy. Xu et al. (2019) believe that the accumulation of dissipated energy can characterize the accumulation of damage, and define the ratio of the accumulated dissipated energy in the i-cycle to the accumulated dissipated energy in the final state of the damage variable as the damage variable; Yang et al. (2019) characterized the current damage development of rocks using the energy consumption ratio of the i-th cycle. Zhang et al. (2017) defined the ratio of the accumulated dissipated energy Nd in the i-cycle to the total input energy in the final stage as the damage variable. The calculation method for the damage D of sandstone in this article adopts the dissipative energy method: according to the principle of energy conservation, the damage and failure of materials are caused by the continuous accumulation of dissipative energy. The ratio of cumulative dissipative energy to cumulative total strain energy is defined as the damage D.
The formula for calculating cumulative dissipated energy is:
[image: image]
In the formula: [image: image] is the accumulated dissipated energy after experiencing i cycles; [image: image] is the dissipated energy at the k-th cycle.
The formula for calculating the cumulative total strain energy is:
[image: image]
In the formula: [image: image] is the cumulative total strain energy after undergoing i cycles; [image: image] is the elastic strain energy under the i-th cycle.
[image: image]
In the formula: [image: image] is the damage variable of sandstone when loaded to the i-th time; [image: image] is the cumulative total strain energy after the last level of loading.
Calculate the damage variable at the end of each cycle loading level and draw a damage evolution diagram as shown in Figure 15. The results indicate that rock damage is greater after being corroded by a hydrochemical environment. The fitting curve shows a trend of stable increase followed by an accelerated increase, indicating that hydrochemical environmental treatment has a significant impact on the fatigue life of rocks. Propose a new damage accumulation model based on energy dissipation and release to describe the degradation process of red sandstone. The form of the proposed function is:
[image: image]
In the formula: D represents the damage caused by cyclic loading, N represents the number of loading cycles, [image: image] is the fatigue life, and a and b are material-related parameters. It can be seen that there is a high correlation between D and the relative cycle.
[image: Figure 15]FIGURE 15 | The variation of sandstone damage variables with cyclic level at different pH values.
As the cyclic level increases, the slope of the curve gradually increases, indicating that the degree of sandstone damage is getting higher and the damage growth is getting faster, which can better reflect the damage evolution process of sandstone under cyclic loading and unloading. During the cycling process, damage gradually accumulates and rapidly increases as damage approaches.
4.3 Sandstone failure mode
Figure 16 shows the failure mode of sandstone samples under hydrochemical erosion conditions. As shown in the figure, the failure modes of sandstone under hydrochemical erosion conditions are different. Under natural conditions and pH = 7, sandstone specimens mainly undergo splitting failure, with macroscopic cracks penetrating the specimen along the central axis; When pH = 5, the sandstone sample begins to exhibit shear failure, with macroscopic cracks forming a shear angle of approximately 75° with the central axis; When pH = 3, the sandstone sample undergoes X-shaped failure, with shear failure particularly evident at the top and bottom of the sample; When pH = 9, the sandstone sample mainly exhibits shear failure, with macroscopic cracks forming a shear angle of about 85° with the central axis; When pH = 11, the sandstone sample undergoes shear and splitting failure, and the sample is more severely damaged. Therefore, with the increase of acid-base strength, the failure of sandstone samples transitions from axial splitting failure to shear failure, and even fracture occurs.
[image: Figure 16]FIGURE 16 | Failure forms of sandstone samples under hydrochemical erosion conditions.
5 DISCUSSION
The specimen was subjected to uniaxial loading and cyclic loading and unloading experiments to study the rock failure process under high stress. In actual tunnel operation, rocks are subjected to dynamic loads such as blasting and mechanical vibration, as well as corrosion from chemical water environments. The stress disturbance acting on rocks is not constant, but variable, so the applied load is not a constant stress load, but a graded cyclic load with varying upper and lower limits. We studied the stress-strain relationship and found that corrosion by aqueous chemical solutions can affect the strain of rocks. The stronger the acidity and alkalinity, the greater the axial strain. We studied the characteristics of energy dissipation and release and found that hydrochemical solutions have a significant impact on the mechanical properties and energy evolution characteristics of rocks. Rocks are more prone to structural damage under acid-base corrosion conditions. The input energy required for failure of the processed rock decreases, and the proportion of dissipated energy continues to increase. Therefore, the damage variable is defined based on the input energy dissipated energy. From the rock failure morphology, it can be seen that the stronger the acidity and alkalinity, the higher the degree of fracture, and the higher the dissipation energy, which promotes the increase of cracks. The failure mode of the corroded specimen ultimately resulted in multiple axial cracks, and after chemical corrosion, the failure characteristics and methods were basically the same.
The damage characteristics of rocks under multi-stage cyclic loading and unloading conditions are different from those of Li et al. (2021), Miao et al. (2021), and others. In a cyclic loading level, the damage steadily increases. In the final loading stage, there is a sudden increase in damage accumulation. The damage of rock under multi-stage cyclic loading can be divided into two stages. In the first few loading stages, microcracks are compacted, and most of the input energy is converted into elastic energy for storage. The energy consumed by internal damage or deformation only accounts for a small part. The stored large amount of elastic energy is rapidly released, causing the stress of the sample to rapidly decrease, leading to the rapid expansion of internal cracks until failure. With the development of cracks, the dissipation energy increases, the crack evolution is obvious, and the rate of increase accelerates. So when rocks approach failure, the dissipated energy transforms from a steady increase to a rapid increase, which is a precursor to rock fracture. With the increase of loading and unloading times, the expansion and connection of cracks, the energy of crack propagation and penetration increases faster, and the elastic energy is transformed into dissipated energy.
The evolution of rock damage in this article is different from the three-stage trend of deceleration accumulation, stable accumulation, and rapid accumulation proposed by Li X W. The rock damage model based on energy dissipation and release established in this article takes into account the effect of chemical erosion on rocks and the accumulation of damage under cyclic loading. The results indicate that the model is in good agreement with experimental data. The loading frequency of the rock in this experiment is constant, and the upper and lower limits of cyclic stress change. In further research, the energy dissipation of rocks under frequency variation conditions and their degradation mechanisms in more complex hydrochemical environments should be studied.
6 CONCLUSION
This article combines the characteristics of tunnel rock mass under high stress to study the mechanical properties of red sandstone under uniaxial loading and cyclic loading and unloading conditions. The main conclusions are as follows:
(1) Explored the mechanical properties of red sandstone under uniaxial loading in acidic and alkaline environments. The peak stresses of sandstone soaked in pH 3, pH 5, pH 7, pH 9, and pH 11 solutions were 12.68, 17.95, 20.99, 17.78, and 14.80 MPa, respectively, which were 53.67%, 34.41%, which were lower than natural sandstone.
(2) Explored the fatigue characteristics of red sandstone under cyclic loading and unloading in acidic and alkaline hydrochemical environments. Sandstone underwent damage at the 7th level of loading after soaking in pH 3, pH 5, pH 9, and pH 11 solutions. The maximum stresses during failure are 9.40 MPa, 12.37, 7.18, and 5.36 MPa, respectively. As the pH of the soaking solution increases, the number of cycles of sandstone fracture decreases, and the peak strength also decreases. Under the coupled uniaxial and cyclic loading and unloading conditions of hydrochemical solutions, the degradation of sandstone gradually becomes significant with the increase of acidity and alkalinity, and the number of cycles, accelerating the development of pores in the sample. The fatigue damage caused by cyclic loading and unloading results in higher uniaxial compressive strength than uniaxial loading and unloading.
(3) Hydrochemical erosion has a significant impact on the energy evolution characteristics of sandstone. The total input energy, elastic energy, and dissipated energy change with pH value, and an increase or decrease in pH will cause them to decrease, and the energy gradually decreases with the enhancement of acidity and alkalinity.
(4) Establishing a sandstone damage degree model under hydrochemical erosion conditions can better reflect the damage degree of sandstone caused by acid-base and cyclic loads, and reflect the process of damage accumulation.
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