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Weakly cemented red sandstone is common in the construction of shaft engineering in western China. Based on the actual working conditions, the dynamic mechanical behavior of this kind of rock under the combined action of multiple variables was studied. Based on the freezing temperature of the freezing method for shaft construction, the experimental temperature gradient was set at 25°C to −25°C. Using an modified split Hopkinson pressure bar (SHPB) experimental system, the dynamic mechanical response of frozen weak-cemented red sandstone under lateral constraints was studied. Taking dynamic and static stress fields and temperature fields as the entry point, the relationship between dynamic load, confining pressure, temperature, and dynamic mechanical characteristics parameters of weakly cemented rock is established, and the strain rate effect, lateral constraint effect, and negative temperature effect of dynamic compressive strength are analyzed. The research results show that: 1) The confining pressure changes synchronously with the axial dynamic load, and undergoes three stages: rapid increase, slow increase, and unloading rebound. 2) Under the combined effects of multiple variables, the dynamic mechanical behavior of the rock shows obvious compaction and rebound characteristics. 3) The dynamic compressive strength of the rock is jointly affected by strain rate, confining pressure, and temperature. Among them, lateral constraints have a strengthening effect. The dynamic compressive strength increases exponentially with increasing strain rate, and increases first and then decreases with decreasing temperature. At the same time, the degree of rock fragmentation is consistent with its strength characteristics. The research results have certain reference significance for the engineering design and safe operation and maintenance of frozen rock structures under dynamic loading.
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1 INTRODUCTION
In the western region of China, there is a widespread distribution of soft rock strata from the Mesozoic Jurassic and Cretaceous, which are characterized by low cementation. These rocks have poor cementation between particles, low strength, and are prone to disintegration and argillitization when exposed to water (Zhang et al., 2023; Chen S. et al., 2022; Li et al., 2022; Fang et al., 2023). When subjected to external dynamic loads, such as blasting vibrations, earthquakes, or vibrations from construction machinery, cracks can easily form in the rock mass, creating hydraulic pathways. This results in the rock mass being saturated with water, significantly reducing its strength and posing safety risks to engineering projects (Cai et al., 2019; Zheng et al., 2015; Wang and Yang, 2022; Xu et al., 2024). In engineering projects, artificial freezing methods are often used to pre-treat these types of rock masses (Fang et al., 2023; Bai et al., 2020; Liu et al., 2023; Shan et al., 2021), followed by excavation using dynamic methods. When the frozen rock mass is subjected to dynamic loading, the shaft wall and other structures provide lateral constraints on the rock strata. Under this condition, the occurrence environment of weakly cemented rocks is complex. Weak cementation and multi-field coupling states can affect the dynamic mechanical response of rocks, thereby affecting construction safety and the safe service of buildings and structures.
Many scholars have conducted extensive research on the dynamic characteristics of rocks under confined conditions. The main method is to use a metal sleeve to cover the rock sample to be loaded, and apply high-density lubricant inside the sleeve as a couplant to transmit pressure. The strain gauge attached to the outside of the metal sleeve is used to collect the circumferential deformation signal outside the sleeve (Bi et al., 2024), and then the elastic thick-walled cylinder theory is used to calculate the radial normal stress at any point inside the sleeve (Luo et al., 2011; Luo et al., 2014; Bragov et al., 2008). The passive confining pressure is applied using two methods: a thin-walled sleeve and a thick-walled sleeve. The similarities between the two methods are that the inner diameter of the sleeve and the specimen diameter require high precision and close fit, incident waves are used as triggering signals, and strain signals are collected by strain gauges attached to the axial direction of the incident and transmission bars and the circumferential direction of the outer wall of the sleeve. The difference lies in that the theory of the thick-walled sleeve is based on the premise that the sleeve always deforms elastically, while the theory of the thin-walled sleeve takes into account the plastic properties of the sleeve material. The thin-walled sleeve method is mainly suitable for testing metal materials, while the thick-walled sleeve method is more suitable for testing rock materials. Research on the dynamic mechanical properties of different types of rocks and rock-like materials under passive confining pressure conditions has found that the existence of passive confining pressure can effectively improve the dynamic ultimate strength of materials. Verification through numerical calculations has shown that the experimental data are consistent with the numerical calculation results, proving the effectiveness of this method (Ping et al., 2014; Jiao et al., 2021; Zhai et al., 2019; Li et al., 2009; Chen et al., 2011). This method is now widely used for dynamic mechanical property testing of rocks (Ping et al., 2014), coal (Jiao et al., 2021), concrete (Zhai et al., 2019; Li et al., 2009; Chen et al., 2011), soil (Tang et al., 2020; Zhu et al., 2020), sand (Chen H. et al., 2022; Song et al., 2009; Varley et al., 2020), explosives (Lan et al., 2011), and other materials under confining pressure conditions. For example, Shi et al. (Shi et al., 2000) used the SHPB passive confining pressure test method to study the dynamic mechanical response of cement mortar stone under quasi-one-dimensional strain. They analyzed and discussed the influence of the material properties and geometric dimensions of the confining pressure sleeve on the test results. Luo et al. (Luo et al., 2011) conducted a comparative study on the dynamic compression behavior of sand samples with different initial mass densities under rigid constraints. The research results show that the initial mass density of sand has a significant impact on its triaxial dynamic mechanical response. Ping et al. (Ping et al., 2014) used a 45# steel sleeve to circumferentially constrain coal mine rock materials, and used a variable cross-section Hopkinson bar to study the dynamic mechanical properties and deformation failure laws of the rock under passive confining pressure conditions. They found that under passive confining pressure conditions, the load-bearing capacity and resistance to deformation of rocks increased significantly. Experimental research data from various materials consistently demonstrate that this method can be utilized to study the dynamic mechanical properties of materials under lateral constraints.
Relevant scholars have also conducted extensive experimental research on the dynamic mechanical behavior of rocks at negative temperatures. Lin et al. (2021) studied the dynamic tensile mechanical properties of sandstone in the temperature range of −5°C to −30°C based on a split Hopkinson pressure bar experimental system. The study found that the dynamic tensile strength of sandstone increases first and then decreases with decreasing temperature. Li et al. (2018) conducted nuclear magnetic resonance and dynamic loading tests on rocks subjected to freeze-thaw cycles, studying the impact of freeze-thaw cycles on the pore structure and dynamic mechanical properties of rocks. They also analyzed the deterioration mechanism of rocks due to freeze-thaw cycles from the perspective of rock mesostructure. Ma et al. (2024) studied the dynamic mechanical behavior of rocks with defects using a drop hammer impact method, and analyzed the effect of freezing temperature on the strength of single-defect rocks. The study found that pore ice has a strengthening effect on rock strength within a certain temperature range, but below a certain temperature, pore ice can cause frost heaving damage to rocks. Su et al. (2023) studied the influence of freezing temperature on the dynamic tensile strength and crack propagation of sandstone through a combination of experiments and simulations. The study showed that the freezing temperature has a significant impact on the strain rate sensitivity and failure mode of sandstone.
Most of the above studies focus on exploring the dynamic mechanical behavior of rocks under lateral constraints or negative temperatures. However, considering the actual engineering construction conditions, the research on the mechanical response of weakly cemented rocks under the comprehensive action of multiple variables is clearly insufficient. This article focuses on the lateral constraint effect of shaft wall and other structures on rock layers, and uses an modified Hopkinson bar experimental system to carry out dynamic compression tests on frozen weakly cemented red sandstone under lateral constraints. The relationship between loading rate, temperature, constraint state and its dynamic mechanical characteristic parameters is analyzed. The research results have certain guiding significance for engineering design of frozen rock mass under dynamic loading.
2 EXPERIMENTAL MATERIALS AND EQUIPMENT
The weak-cemented red sandstone studied is a typical sedimentary rock, with a dark red color and no obvious fissure development. The main components of the rock are quartz (53.4%), plagioclase (28.0%), potassium feldspar (12.3%), and other mineral components are detailed in Table 1. Select large blocks of weak-cemented red sandstone with good integrity and homogeneity, coring, cutting, and polishing to form cylindrical rock samples with a diameter of 50 mm and a height of 25 mm. The sample size and processing accuracy meet the test requirements (Dai et al., 2010). The processed rock samples are shown in Figure 1.
TABLE 1 | Mineral composition of weakly cemented red sandstone.
[image: Table 1][image: Figure 1]FIGURE 1 | Weakly cemented red sandstone samples.
Based on the on-site freezing temperature, the test temperature range is set to −25°C–25°C. Prior to the test, a vacuum saturation device and a constant temperature freezing device are required to saturate and freeze the rock samples to obtain rocks at negative temperatures. Both saturation and freezing are set to last for 48 h. It is worth noting that during the freezing process, the water inside the rock will migrate and precipitate ice crystals on the rock surface. Therefore, after the water saturation is complete, it is necessary to apply Vaseline and plastic wrap to wrap the rock sample.
The SHPB experimental system integrated with a cold temperature module was used to conduct dynamic experiments on rocks at negative temperatures. The experimental system consists of the SHPB device and the cold temperature module, and it applies lateral constraints to the specimen through a metal sleeve. This experimental system is capable of testing the dynamic mechanical behavior of rock specimens under negative temperature and lateral constraint conditions, as shown in Figure 2. The experiment used cylindrical bars with a diameter of 50 mm as the striker and waveguide bars. The lengths of the striker, incident bar, and transmitted bar were 400 mm, 2,200 mm, and 1800 mm, respectively. Both the striker and waveguide bars were made of 7A04 aluminum, with an elastic modulus Eb of 70 GPa, a density ρb of 2,710 kg/m3, and a yield strength σAl of 370 MPa. In the cold temperature module, the freezing tube connected to the liquid nitrogen device provides a negative temperature environment for the chamber, while using plexiglass as the front baffle of the chamber allows visualization of the loading process. By adjusting the pressure within the launch cavity, the speed of the striker is altered, thereby altering the loading rate of the specimen. The study investigated the temperature and strain rate effects on the dynamic mechanical response of frozen weakly cemented rock specimens under lateral constraint, analyzed the dynamic mechanical properties of weakly cemented rock specimens under lateral constraint, and studied the influence of lateral constraint on the dynamic compressive strength of rock specimens.
[image: Figure 2]FIGURE 2 | Schematic layout of the modified SHPB system integrated with the cold temperature sub-system.
3 EXPERIMENTAL PRINCIPLE
Based on the fundamental principles of the SHPB experimental technique, during the dynamic loading process, the strain and strain rate of the specimen can be determined by the displacement at both ends of the specimen, and the stress of the specimen can be determined by the force applied at both ends of the specimen. Furthermore, these parameters can be further determined by the incident, reflected, and transmitted waves at both ends of the specimen. Since the experiment uses a slender bar as the waveguide bar, satisfying the assumption of one-dimensional stress waves, there is no distortion in the propagation of elastic waves in the incident and transmitted bars (Wang, 2011). Therefore, the incident wave signal ɛin and the reflected wave signal ɛre can be acquired by the strain gauge attached to the middle of the incident bar, and the transmitted wave ɛtr signal can be acquired by the strain gauge attached to the middle of the transmitted bar. The stress σs, strain ɛs, and strain rate [image: image] of the specimen can be calculated using Equation 1 (Yao et al., 2024).
[image: image]
In the formula, Ab and Cb represent the cross-sectional area and longitudinal wave velocity of the bar, respectively, while As and ls represent the cross-sectional area and length of the specimen, respectively.
The experiment uses an aluminum sleeve to provide lateral constraints for the rock sample, as shown in Figure 3. To ensure the close contact between the rock sample and the aluminum sleeve, and to ensure the effective transmission of stress, this article uses the special pure wear-resistant yellow grease produced by Beijing Huahang Feitian Lubricant Sales Company as a coupling agent. This type of grease is relatively viscous and has strong adhesion, making it difficult to spill when under load. Its incompressibility also ensures effective conduction of stress. Therefore, this type of grease is used in the experiment to fill the small gaps between the sample and the aluminum sleeve, ensuring close contact between the rock and the sleeve. The aluminum sleeve used in the experiment is a thick-walled sleeve, and the diameter change of the sleeve is measured after each impact to ensure that the sleeve is always in an elastic state, simulating the elastic constraint effect of the surrounding infinite medium on the rock mass when it is disturbed. The pressure p1 on the inner wall of the sleeve and the radial displacement Ur of the inner wall can be calculated by Equation 2. When the inner wall of the sleeve is closely fitted to the sample and satisfies the equilibrium conditions, the radial stress σr, hoop stress σθ, radial strain ɛr, and hoop strain ɛθ of the sample can be calculated by Equation 3 (Tang et al., 2020).
[image: image]
[image: image]
[image: Figure 3]FIGURE 3 | Aluminum sleeve used in the test.
In the formula, ɛj represents the strain of the outer ring of the aluminum sleeve, which is collected through strain gauges. R1 is the inner radius of the aluminum sleeve, which is 25.2 mm R2 is the outer radius of the aluminum sleeve, which is 29.2 mm. The elastic modulus of the aluminum sleeve is Ej = 70 GPa, and the Poisson’s ratio is ʋj = 0.33.
4 EXPERIMENTAL RESULTS
Figure 4A–E shows the relationship between dynamic compressive stress and strain of frozen water-saturated weakly cemented rock samples under lateral constraints. As can be seen from Figure 4, temperature and strain rate have a significant influence on the dynamic compressive properties of weakly cemented rock samples under the same coordinate scale. Meanwhile, combined with previous research results (Fang et al., 2023), it is not difficult to find that compared with uniaxial compression, the strength and critical strain of rock under lateral constraint are greatly improved. Figure 4F shows a typical curve shape. It can be seen from the figure that the deformation process of the rock samples goes through three stages: a longer compaction stage (Section 1), a rapid stress increase stage (Section 2), and an unloading stage (Section 3). Compared with uniaxial compression, it has a longer compaction stage and obvious rebound characteristics.
[image: Figure 4]FIGURE 4 | Dynamic compressive stress-strain curve of frozen water-saturated weakly cemented rock samples under lateral constraints.
The axial stress σZ of the specimen can be determined by Equation (1), where σZ = σs. Figure 5 shows the typical curve of the relationship between confining stress and axial stress. As can be seen from Figure 5A, the axial stress and confining stress change simultaneously, reaching their peak values at around 200 μs. This is because the confining stress is generated by the axial compressive stress. The greater the axial compressive stress, the greater the deformation of the specimen, and the greater the force on the lateral aluminum sleeve, resulting in stronger reverse constraint. Therefore, the stress-time curves of the two are synchronized. Figure 5B shows the relationship between axial stress and confining stress. It can be observed that the relationship can be divided into three stages. Initially, the axial stress and confining stress are linearly related, with the magnitude of the confining stress increasing as the axial stress increases (OA segment). As the axial stress further increases, the increase in confining stress decreases, and a clear turning point appears at point A. After reaching point B, the loading is completed and unloading begins, with the confining stress falling synchronously as the axial stress decreases. The mechanical characteristic parameters of the dynamic compressive stress-strain curve under lateral constraint are extracted and shown in Table 2.
[image: Figure 5]FIGURE 5 | Relationship between axial stress and confining pressure stress.
TABLE 2 | Dynamic mechanical parameters of frozen water-saturated weakly cemented rock samples under lateral constraint.
[image: Table 2]5 COMBINED EFFECTS OF MULTIPLE VARIABLES
5.1 Strain rate effect of dynamic compressive strength
From Table 2, it can be observed that at the same temperature, the strength of the sample is closely related to the strain rate. Taking −15°C as an example, the dynamic compressive strength is 44.1 MPa at a strain rate of 110.2 s-1. As the strain rate increases to 151.8 s-1, the strength increases by 16.1%–51.3 MPa. At strain rates of 209.8 s-1, 233.7 s-1, and 261.3 s-1, the strengths are 58.5 MPa, 65.3 MPa, and 70.6 MPa, respectively. Compared to the strength at 110.2 s-1, the increase rates are 32.9%, 48.1%, and 60.1%, respectively. It can be found that as the strain rate increases, the strength gradually increases. When there is lateral constraint, the dynamic compressive strength of rock samples at various temperatures is nonlinearly positively correlated with the strain rate. The exponential function is used to fit the relationship between dynamic compressive strength and strain rate under lateral restraint, and the fitting results are shown in Figure 6 and Equation 4.
[image: image]
[image: Figure 6]FIGURE 6 | Relationship between dynamic compressive strength and strain rate of frozen weakly cemented rock samples under lateral constraints.
5.2 Temperature effect of dynamic compressive strength
To illustrate the variation of dynamic compressive strength of water-saturated weakly cemented red sandstone under lateral confinement with temperature, Figure 7 shows the curves of dynamic compressive strength versus temperature at average strain rates of 114.9 ± 10.6 s-1, 153.9 ± 7.3 s-1, 211.2 ± 9.6 s-1, 239.9 ± 9.8 s-1, and 268.3 ± 7.0 s-1. As the temperature decreases from 25°C to −25°C, the dynamic compressive strength of water-saturated weakly cemented red sandstone at each strain rate shows a trend of first increasing and then decreasing. Within the range of 25°C to −15°C, the strength increases with decreasing temperature, while within the range of −15°C to −25°C, the strength decreases with decreasing temperature. Taking the average strain rate of (211.2 ± 9.6 s-1) as an example, the strength is 45.9 MPa at 25°C. After entering the negative temperature range, the strength begins to increase, reaching 50.1 MPa and 56.7 MPa at −5°C and −10°C, respectively. The maximum strength is reached at −15°C, which is 58.5 MPa. Subsequently, the strength begins to decrease, reaching 50.1 MPa and 33.5 MPa at −20°C and −25°C, respectively. Compared to −15°C, the decreases are 14.4% and 42.7%, respectively. The reason for the above phenomenon is that the low-temperature environment has both positive and negative effects on rocks (Weng et al., 2019; Weng et al., 2020). The strength characteristics of rocks are closely related to their internal ice water phase transition at low temperatures. For the rocks studied in this article, the transition point between the two occurs at −15°C, which leads to the occurrence of the above phenomenon.
[image: Figure 7]FIGURE 7 | Relationship between DCSL and temperature.
5.3 Influence of lateral constraint on the dynamic compression characteristics
To visually demonstrate the influence of lateral restraint on dynamic compressive strength, the Lateral Restraint Affecting Factor (LRAF) is introduced. LRAF is the ratio of the strength value under lateral restraint to the uniaxial dynamic strength. Based on previous research results (Fang et al., 2023), the rock strength under uniaxial and lateral restraint conditions is compared. Figure 8 shows the relationship between LRAF and strain rate. It can be found from the figure that the LRAF values at various temperatures are all greater than 1, indicating that the effect of lateral restraint on strength improvement is significant. Compared with the trend of LRAF increasing with strain rate at room temperature, LRAF decreases with strain rate at all temperatures except for a slight increase at −25°C. The relationship between LRAF and strain rate at each temperature was fitted using the linear equation LRAF = C + D*(strain rate), and the fitting parameters are shown in Table 3. From the fitted slope, it is found that LRAF has a negative correlation with strain rate in the range of −5°C to −20°C, and LRAF has a positive correlation with strain rate at −25°C, but the increase rate is slow.
[image: Figure 8]FIGURE 8 | Relationship between LRAF and strain rate.
TABLE 3 | Function parameters for linear fit between LRAF and strain rate.
[image: Table 3]Figure 9 is a comparison diagram of dynamic compressive strength under uniaxial and lateral constraints. It can be found from the diagram that the compressive strength under lateral constraints is higher than that under uniaxial compression, showing a significant lateral constraint strengthening effect, as indicated by the blue arrow in the diagram. The yellow arrow in the diagram reflect the strain rate strengthening effect of weakly cemented rock samples. Under various working conditions, the dynamic strength of rock samples increases with the increase of strain rate. The temperature effect is shown by the red arrow in the diagram. As the freezing temperature decreases, the dynamic compressive strength under both uniaxial and lateral constraints shows a trend of first increasing and then decreasing, with the strength turning point occurring at −15°C.
[image: Figure 9]FIGURE 9 | Comprehensive comparison diagram of rock compressive strength under uniaxial and lateral constraints.
5.4 Macroscopic failure morphology of rocks
Under similar strain rates and lateral constraints, the failure morphology of frozen weakly cemented rocks after impact loading is shown in Figure 10. From Figure 10, it can be found that in the temperature range from −5°C to −20°C, the degree of rock failure is relatively low, and shear failure is the main mode of failure. At −5°C, −10°C, and −15°C, the rock remains almost intact, with only local shear failure and a small amount of spalling at the edges, and almost no macroscopic cracks on the surface. However, as the temperature continues to decrease, the degree of rock failure gradually increases. At −20°C, the shear failure surface increases and basically penetrates the entire rock sample. When the temperature drops to −25°C, the main mode of rock failure changes from shear failure to tensile failure. At this temperature, the rock exhibits crushing failure, with the rock sample mainly splitting into several large blocks, accompanied by small blocks formed by local shear. However, from its stress-strain curve, there is still a rebound phenomenon, which may be due to the fact that the rock is constrained in a limited space and can still bear the load. Overall, the degree of rock fragmentation at negative temperatures decreases first and then increases with decreasing temperature. Therefore, under the influence of negative temperatures, the degree of rock fragmentation and strength characteristics maintain a good consistency.
[image: Figure 10]FIGURE 10 | Macroscopic fragmentation morphology of frozen weakly cemented rock under lateral confinement (269.5 ± 17.9 s-1).
6 CONCLUSION
This article uses an modified SHPB experimental system to conduct dynamic compression tests on water-saturated weakly cemented red sandstone samples under negative temperature and lateral constraints at different impact velocities. The dynamic mechanical properties of weakly cemented rocks under the combined effects of multiple variables were studied, and the effects of negative temperature gradient, loading rate, and constraint conditions on the dynamic mechanical response of water-saturated weakly cemented red sandstone were analyzed. The main conclusions are as follows.
(1) The lateral passive confining pressure and axial stress change synchronously, reaching their peak values simultaneously at 200 μs. The interaction process between axial stress and hoop stress can be divided into three stages: rapid increase, slow increase, and unloading rebound stage.
(2) The dynamic mechanical parameters of the rock show a significant strain rate effect, with both peak strain and dynamic compressive strength increasing with the increase of strain rate, and the dynamic compressive strength is exponentially related to the strain rate.
(3) Under the combined action of lateral constraints and dynamic loads, the deformation of frozen rocks goes through three stages: compaction stage, rapid stress increase stage, and unloading stage. Compared with uniaxial compression, the dynamic stress-strain curve of frozen rock under lateral constraint shows obvious compaction and rebound characteristics, and both strength and critical strain have been significantly improved.
(4) The lateral confinement effect significantly enhances the dynamic compressive strength of rocks, and the influence factor of lateral confinement is greater than one at all temperatures. There is a negative linear correlation between LRAF and strain rate within the range of −5°C to −20°C, and a positive linear correlation between LRAF and strain rate at −25°C.
(5) Within the temperature range of −5°C to −25°C, as the temperature decreases, the dynamic compressive strength of frozen rocks first increases and then decreases, and the degree of fragmentation first decreases and then increases. The main form of failure transitions from shear failure to tensile failure. And −15°C is the transition temperature for strength, fragmentation degree, and failure mode.
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