[image: image1]Dynamic mechanical properties and energy dissipation analysis of frozen sandstone with initial damage

		ORIGINAL RESEARCH
published: 02 February 2023
doi: 10.3389/feart.2023.1128634


[image: image2]
Dynamic mechanical properties and energy dissipation analysis of frozen sandstone with initial damage
Qihang Xie1, Yanlong Chen2*, Haoyan Lyu1, Jun Gu1, Yuanguang Chen1, Huidong Cui1 and Peng Wu2
1School of Mechanics and Civil Engineering, China University of Mining and Technology, Xuzhou, China
2State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology, Xuzhou, China
Edited by:
Danqi Li, Curtin University, Australia
Reviewed by:
Li Ma, Xi’an University of Science and Technology, China
Wenshuai Li, Shandong University of Science and Technology, China
* Correspondence: Yanlong Chen, chenyanlong@cumt.edu.cn
Specialty section: This article was submitted to Environmental Informatics and Remote Sensing, a section of the journal Frontiers in Earth Science
Received: 21 December 2022
Accepted: 23 January 2023
Published: 02 February 2023
Citation: Xie Q, Chen Y, Lyu H, Gu J, Chen Y, Cui H and Wu P (2023) Dynamic mechanical properties and energy dissipation analysis of frozen sandstone with initial damage. Front. Earth Sci. 11:1128634. doi: 10.3389/feart.2023.1128634

Damaged rock masses on the slopes of open pit coal mines are prone to geological disasters such as landslides under low temperatures and dynamic loads such as blasting impacts. Based on the Low Temperature Split Hopkinson Pressure Bar (LT-SHPB) system, dynamic compressive tests were done on sandstone specimens, which were damaged by uniaxial loading and unloading test. Dynamic stress–strain curves and dynamic mechanical properties of frozen sandstone with initial damage were analyzed as well as the energy dissipation characteristics. The results indicate that both compressive state and plastic deformation state of the dynamic stress-strain curves increase with the increase of the damage value. Dynamic peak stress and dynamic elastic modulus exhibit an evident damage weakening effect while the dynamic peak strain, in contrast, exhibits a damage enhancement effect. In addition, all three dynamic mechanical properties of the damaged frozen sandstone exhibit an impact effect. The dissipation energy ratio and reflection energy ratio of frozen sandstone increase with the increase of initial damage value while the transmission energy ratio decreases. With the increase of initial damage value and strain rate, the energy utilization rate during the sandstone failure process increases, resulting in more small fragments and powders.
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1 INTRODUCTION
Many large open-pit coal mines in China are distributed in the Western cold regions such as Xinjiang (Zhao et al., 2020; Lu et al., 2021). Under the action of low temperature, a special frozen rock slope is formed. Depending on the temperature and moisture content, the freezing expansion of free water in the rock mass brings two effects (Weng et al., 2021): On the one hand, it accelerates the development of damage cracks and weakens the mechanical properties of the rock mass (Ghobadi and Babazadeh, 2015); On the other hand, freezing water fills part of the rock cracks and enhances rock mass strength to some extent (Wang et al., 2019). At present, scholars have made abundant achievements in the study of static mechanical properties of rock at low temperature, mainly in terms of failure strength, elastic modulus, and failure characteristics (Ulrich and Darling, 2001; Feuer and Ince, 2015; Liu X. Y. et al., 2021). In addition, some scholars have studied the triaxial creep properties of frozen rock and obtained the creep equation which can better describe the creep process of the frozen rock (Zhu W. C. et al., 2019; Zhu Z. Y. et al., 2019; Shan et al., 2021).
Open-pit coal mine rocks are generally subjected to loose blasting before stripping, and the external loading mode of the rock by the stress waves generated by blasting is in the form of dynamic impact at a high strain rate (Ding et al., 2019; Shen et al., 2021). Rock mechanical properties under impact load are significantly different from those under static loading (Wang et al., 2016; Zhou et al., 2020). With the increase of geotechnical engineering in cold regions, the research on dynamic mechanical properties of rock under low temperature environments is increasing. Mardoukhi et al. (2021) and Liu C. J. et al. (2021) studied the dynamic tensile properties of granite at low temperature. Weng et al. (2020) compared the dynamic mechanical of dry and saturated Siltstones under sub-zero temperatures, and investigated the mechanism of weakening and strengthening the dynamic mechanical properties of saturated rock samples at sub-zero temperatures by using NMR technology. Yang et al. (2021a; 2021b) found that the dynamic mechanical strength of red sandstone gradually increased from −5°C to −30°C, but decreased sharply when the temperature was below −30°C; Li et al. (2018) investigated the freeze-thaw effect on the pore structure and dynamic mechanical properties of sandstone, and the result shows that sandstone porosity increased with the adding-up of freeze-thaws cycles, which leads to the attenuation of the dynamic mechanical properties of sandstone. Nikolenko et al. (2021) studied the effect of freeze-thaw cycle on the propagation of cracks in coal and found that a large number of cracks formed after a single freeze-thaw cycle. In addition, it has been found by literature review that since the deformation and failure process of rocks is essentially an energy-driven destabilization phenomenon (Xie et al., 2009; Song et al., 2015), the energy analysis method is a convenient and critical perspective to respond to the extent of fracture development within the rock impact damage process (Yang et al., 2020; Wang et al., 2021). For example, Wang et al. (2017) analyzed the energy evolution characteristics of red sandstone during dynamic impact after freeze-thaw cycles and defined Freeze-Thaw-Mechanical coupling damage based on energy dissipation ratio; Weng et al. (2019b) have found that the dynamic fragmentation of dry and saturated siltstones decreased first and then increased from 18°C to −50°C, reaching a minimum value at −30°C while the energy dissipation density of saturated siltstones reached a maximum value at −30°C. Wang et al. (2020) studied the variation law of energy dissipation rate during the impact of frozen sandstone to reflect the strain rate effect and temperature effect of sandstone.
However, previous studies on the dynamic mechanical properties of rock at low temperature mainly focused on intact rock samples, ignoring the influence of initial damage of rock. Defects such as cracks and holes can exist within the rock mass of open pit coal mines. There are two main reasons for the existence of these defects: 1) Geological effects (internal forces such as crustal movement and external forces such as weathering) during the formation of the rock body in nature makes defects of various shapes and sizes appear inside the rock (Cao et al., 2016; Ahmed et al., 2020); 2) The disturbing effect of mining, such as rolling of slope rock mass by large mining trucks and impact of blasting (Hou et al., 2019; Li et al., 2021; Wu et al., 2022). These damages aggravate the deterioration of the mechanical properties of slope rocks and bring about major potential hazards such as landslides. Therefore, it is necessary to analyze the influence of rock damage on the dynamic mechanical properties of rocks.
In this paper, sandstone is chosen as the test object because it is widely present in open-pit coal mine slopes as the main rock layer and its characteristic is representative and applicable (Li et al., 2022). Sandstones with different initial damage were prepared by uniaxial loading and unloading test, and the initial damage value was defined based on the porosity. The real-time low-temperature dynamic compression test was carried out on the damaged sandstone to obtain the variation law of dynamic mechanical parameters of frozen sandstone under different damage conditions. The dynamic damage process of frozen sandstone is analyzed from the perspective of energy, and the energy dissipation characteristics of freeze-damaged sandstone are obtained. The research results can provide a reference for the prevention and control of slope instability during open-pit coal mining in cold regions.
2 MATERIALS AND EXPERIMENTAL METHODS
2.1 Preparation of specimen
The sample rock was taken from the area near an open-pit coal mine (Xinjiang, China), which had not been damaged by disturbances such as blasting operations and large mining trucks in the open-pit mine. Judging from the cutting surfaces, the sandstone is in dark red with fine particles and hard texture. The main mineral components of the sandstone are as follows: quartz (61%), muscovite (28%), kaolinite (5%), montmorillonite (3%) as well as small amounts of illite and hematite.
According to the ISRM suggested methods, sandstone was made into Ф50 × 100 mm cylindrical specimens for initial damage treatment. In order to avoid the experimental error caused by the dispersion of sandstone, the longitudinal wave velocity of standard samples was detected. The specimens with similar wave velocities were selected as the test objects, and the basic physical and mechanical parameters of the natural air-dried sandstone specimens are shown in Table 1.
TABLE 1 | Basic physical and mechanical parameters of sandstone specimens.
[image: Table 1]2.2 Initial damage treatment
The initial damage condition of the sandstone specimens was obtained through loading and unloading test using MTS816 electro-hydraulic servo system. According to the uniaxial compressive strength (UCS) σc=27.50 MPa of sandstone specimens, four loading stress levels were determined as 0% σc, 50% σc, 60% σc, and 70% σc, respectively. When the specimen reached the set stress level during the loading process, the specimen was held for 30 min to ensure that the cracks inside the specimen were fully developed. In this regard, 9 specimens were prepared for each group of damage levels. Finally, three specimens of each group after initial damage treatment were taken for mercury intrusion test to determine the change of porosity, and the remaining six specimens of each group will be used to prepare disk specimens for real-time low temperature SHPB test.
Characterization of damage is the key to defining rock damage and establishing the damage evolution law. In this paper, the initial damage value is defined by the porosity of sandstone specimens. Weng et al. (2019a) proves the validity and feasibility of porosity to evaluate the degree of rock damage. An equation for describing the damage using the porosity is proposed as follows:
[image: image]
where, D is the damage value of the rock; φ0 is the porosity of the undamaged rock; φ1 is the porosity of the rock at failure; φ is the porosity of the damaged rock. Eq. 1 reflects the overall weakening degree of rock specimen without considering the anisotropy of damage.
Figure 1 shows the variation of the porosity of sandstone specimens with the loading ratio (loading stress over UCS). In fact, the porosity of rock failure is difficult to obtain by experiment. However, the approximation of φ1 can be obtained by the porosity fitting curve. The fitting equation is as follows:
[image: image]
where, κ is the loading ratio. When the loading ratio κ = 1, we may obtain the approximate porosity of sandstone at failure φ1 = 17.45%. Substituting φ1 to Eq. 1, the initial damage value under different loading stress can be obtained. Table 2 shows the loading ratio, porosity and initial damage value of sandstone under different loading stresses.
[image: Figure 1]FIGURE 1 | Variation of the porosity of sandstone specimens with the loading ratio.
TABLE 2 | Initial damage value of sandstone specimen under different loading stress.
[image: Table 2]2.3 Real-time low temperature SHPB test
First, four sets of sandstone specimens with different initial damage were processed into disc specimens with 50 mm diameter and 25 mm height. Then, the disc specimens were subjected to natural air-drying treatment in order to eliminate the effects of changes in moisture content during specimen processing and initial damage treatment. Finally, real-time low temperature SHPB test was performed. The test setup and procedure are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Process of real-time low temperature SHPB test.
Natural air-drying treatment scheme is as follows: first, the sandstone specimens were baked in the oven at 105°C for 24 h; Then, the disk specimens were saturated in a vacuum saturation device for 6 h; Finally, the sandstone specimens were left to dry naturally in an indoor environment for 48 h and then wrapped with plastic wrap and stored in sealed bags. The average moisture content of the natural air-dried sandstone disc specimens is 2.02%.
The LT-SHPB system is used for the real-time low temperature impact test. The test system includes: low-temperature system, launching system, pressure bar system, data collection and processing system, and energy absorption system. Except for the low-temperature system, the composition and functions of the other four systems are the same as those of the conventional SHPB system. The diameter of the compression bar is 50 mm, the density is 7.82 g/cm3, the longitudinal wave speed is 5,123 m/s, and the modulus of elasticity is 210 GPa. During the test, the low-temperature system provides a real-time low-temperature environment for the sandstone specimen. The temperature control range of low-temperature system is −60°C to room temperature. Cryogenic nitrogen gas is vaporized from liquid nitrogen under the action of electric thermocouple and flows into the cryostat through the hose. When the low-temperature sensor detects that the temperature of the cryostat reaches the preset value, the thermocouple stops working, which is automatically controlled by the low temperature controller. The test shows that the temperature in the cryostat can be stably maintained at the preset temperature with the temperature difference of ±0.2°C.
The temperature of the real-time low-temperature impact test is set at −20°C which is selected based on the average temperature of the sampling mine in winter. It has been found that the sandstone interior needs to be kept freezing for at least 30 min in order to reach the temperature set in the test. In this paper, the temperature holding time is set to 1 h for the accuracy of the test data. According to the actual working conditions of blasting in the open pit mine and laboratory equipment conditions, four groups of impact velocity are designed as 3.5, 4.0, 4.5, and 5.0 m/s. The test covered four kinds of initial damage level and four kinds of impact velocity, a total of 16 groups, each group of tests repeated 3 times. And the average strain rates at different impact velocities are 42.1, 76.7, 105.2, and 129.5 s-1, respectively.
3 RESULTS AND DISCUSSION
3.1 Dynamic stress-strain curve
The dynamic stress-strain curves of frozen sandstone with different initial damage are given in Figures 3A–D. It also shows the dynamic stress-strain curves of damaged sandstone at the strain rate of 76.7 s-1 (Figure 3E). Meanwhile, according to the change characteristics of the curve, a typical stress-strain curve for this test is given (Figure 3F), and the typical stress-strain curve is divided into the following four stages:
(I) Compaction stage: This stage is characterized by an upwardly concave curve in appearance. This phenomenon is due to the damage fractures produced in the initial damage treatment process. During the initial loading phase of the sandstone specimen, the fractures are gradually compacted and closed, and plastic deformation is produced.
(II) Elastic deformation stage: This stage manifests itself in appearance as a nearly straight line. The cracks inside the sandstone specimen tend to a stable state after the compaction stage, and no new cracks are generated. As the load continues to increase, the specimen begins to store a large amount of strain energy and will only release a small amount of energy. Since the slope of the curve at this stage is approximately constant, the slope of the curve at this stage is taken as the dynamic elastic modulus in this paper.
(III) Plastic deformation stage: The form of this stage shows a downward concave curve. After the elastic phase, the sandstone specimen develops new cracks as the load continues to increase. The old and new cracks will enter a non-stable extension phase and will gradually penetrate releasing a large amount of energy which will cause increased deformation and even local failure.
(IV) Failure stage: In this stage, the stress of sandstone decreases rapidly in a nearly linear form with the increase of strain. As the sandstone specimen is in the unloading stage, the specimen has been detached from the incident and transmission bar.
[image: Figure 3]FIGURE 3 | Dynamic stress-strain curves of frozen sandstone with initial damage: (A) D=0%; (B) D=6.37%; (C) D=12.75%; (D) D=23.97%; (E) [image: image] =76.7s-1; (F) Typical curve.
As can be seen from Figures 3A–E, the shapes of the curves are basically the same, but there are differences in their trends. Under a certain strain rate, the compaction stage increases with the increase of damage value. This is because with the increase of damage value, there will be more micro defects in the sandstone sample. In the initial stage of impact loading, defects will gradually close with the increase of load, resulting in a longer compaction stage of the curve. At the same time, with the increase of initial damage, the plastic deformation stage also shows an obvious increasing feature.
3.2 Dynamic compressive mechanical parameters of sandstone
Dynamic mechanical parameters of frozen sandstone at different strain rates and different initial damage values, including dynamic peak stress, dynamic peak strain and dynamic elastic modulus, were obtained from the dynamic stress-strain curves (Table 3).
TABLE 3 | Dynamic mechanical parameters of frozen sandstone under different conditions.
[image: Table 3]3.2.1 Dynamic peak stress
Figure 4 shows the variation surface of dynamic peak stress of frozen sandstone under the coupling effect of initial damage and strain rate. As can be seen from the figure, the initial damage value and strain rate significantly affect the dynamic peak stress of the frozen sandstone.
[image: Figure 4]FIGURE 4 | Coupling effect of initial damage and strain rate on dynamic peak stress.
The dynamic peak stress in the frozen sandstone decreases as the initial damage value increases, showing a significant damage weakening effect. Specifically, as the initial damage increased from 0 to 23.97% under four sets of strain rate, the dynamic peak stress of the frozen sandstone decreased from 28.63, 35.42, 44.82, and 47.64 MPa to 17.52, 24.20, 30.27, and 32.50 MPa with a reduction of 38.81%, 31.68%, 32.46%, and 31.78%, respectively. This is due to the increase of damage value, more crack defects appear in the frozen sandstone, which reducing the bearing capacity of frozen sandstone.
For the same condition of initial damage value, the dynamic peak stress of frozen sandstone increases with increasing strain rate, showing a significant strain rate strengthening effect. Under the four sets of damage values, with the increase of strain rate, the dynamic peak stress of frozen sandstone increased from 28.63, 20.88, 19.50, and 17.52 MPa to 47.64, 38.70, 35.21, and 32.50 MPa, which increased by 66.40%, 85.34%, 80.56%, and 85.50%, respectively.
3.2.2 Dynamic peak strain
Figure 5 shows the variation surface of dynamic peak strain of frozen sandstone under the coupling effect of initial damage and strain rate. Contrary to the dynamic peak stress, the dynamic peak strain of frozen sandstone increases with the increase of damage value, showing a damage strengthening effect. As the initial damage increased from 0 to 23.97% under four sets of strain rate, the dynamic peak strain decreased from 0.82%, 0.95%, 1.18%, and 1.36% to 1.07%, 1.28%, 1.40%, and 1.60% with an increase of 30.49%, 34.74%, 18.64%, and 17.65%, respectively. Due to the presence of initial damage, cracks and defects within the sandstone increase, causing a tendency of plasticity enhancement.
[image: Figure 5]FIGURE 5 | Coupling effect of initial damage and strain rate on dynamic peak strain.
With the increase of strain rate, the peak strain increases linearly and rapidly, showing a strain rate strengthening effect. The dynamic peak strain of the frozen sandstone increases from 0.82%, 0.84%, 0.95%, and 1.07% to 1.36%, 1.51%, 1.54%, and 1.60% with an increase of 65.85%, 79.76%, 62.11%, and 49.53% respectively when the strain rate increases from 42.1 s-1 to 129.5 s-1 for the four sets of initial damage conditions.
3.2.3 Dynamic elastic modulus
As can be seen from the Figure 6, the variation characteristics of dynamic elastic modulus of the frozen sandstone are basically consistent with the dynamic peak stress. When the initial damage increases from 0 to 23.97% under the conditions of four groups of strain rates, the dynamic elastic modulus decreases from 4.43, 4.68, 5.80, and 6.12 GPa to 2.51, 2.82, 2.85, and 3.34 GPa, respectively, which decreases by 43.34%, 39.74%, 50.86%, and 45.42%, showing obvious damage weakening characteristics. In addition, under the four groups of initial damage, with the increase of strain rate, the dynamic elastic modulus increases from 4.43, 3.38, 2.57, and 2.51 GPa to 6.12, 4.81, 3.86, and 3.34 GPa, respectively, which increased by 38.15%, 42.31%, 50.19%, and 33.07%, showing a strain rate strengthening effect.
[image: Figure 6]FIGURE 6 | Coupling effect of initial damage and strain rate on dynamic elasticity modulus.
3.3 Energy dissipation characteristics
The failure of sandstone samples under external load will experience the propagation and growth of defects such as internal cracks and holes until these defects penetrate the whole sample and make it completely destroyed. All these processes involve the absorption, transformation and dissipation of energy. It can be seen that the analysis of the dynamic damage process of frozen sandstone from an energy perspective can effectively reveal the damage effect and impact effect of frozen sandstone in the process of dynamic failure.
3.3.1 Energy calculation
The failure process of sandstone specimens under dynamic loading is accompanied by the variation in energy. The incident energy WI input to the sandstone specimen from the impact bar is converted into three components, namely the transmitted energy WT entering the transmission bar, the reflected energy WR reflected back into the incident bar and the dissipated energy WD used to destroy the sandstone specimen. The relationship between these four components of energy can be expressed in Eq. 3:
[image: image]
According to classical elastic pressure bar theory, the incident energy WI, reflected energy WR, transmitted energy WT, and dissipated energy WD in the above equation can all be calculated by the equation, which is expressed as:
[image: image]
where ES, CS and AS are the elastic modulus, stress wave propagation velocity and cross-sectional area of the pressure bar in the SHPB system.
RR, RT and RD represent the ratios of reflected energy WR, transmitted energy WT and dissipated energy WD to their incident energy WI, respectively, as calculated in Eq. 5:
[image: image]
The dissipated energy in the SHPB dynamic compression test is mainly used for the expansion and penetration of defects such as cracks and holes within the sandstone specimen, but is also accompanied by kinetic energy and other forms of energy carried by the broken rock mass during the destruction of the specimen, such as heat energy and acoustic energy. However, 95% of the dissipated energy is mainly used for the expansion and penetration of defects, with a small proportion of the remaining 5% being used for other forms of energy (Zhang et al., 2000). Therefore, this 5% of other forms of energy will be ignored in this study and the dissipated energy will be considered directly as the fracture energy of the sandstone specimen during dynamic compression failure.
Through Eqs 3–5, the calculation results of WI, WR, WT, and WD of damaged sandstone under different initial damage values and strain rates in the real-time low-temperature dynamic compression failure process and the ratio of each energy to the incident energy WI are obtained. The specific results are shown in Table 4.
TABLE 4 | The energy value during dynamic failure of damaged frozen sandstone.
[image: Table 4]3.3.2 Effect of initial damage value and strain rate on the energy dissipation characteristic
Figure 7 shows the histogram of the variation of incident energy, reflected energy, transmitted energy, and dissipated energy with damage values and the impact failure morphology of the damaged sandstone, which helps to analyze the change of sandstone failure characteristics in the process of dynamic compression from the aspect of energy change.
[image: Figure 7]FIGURE 7 | Energy variation and failure morphology of frozen sandstone with different initial damage values and strain rates.
As can be seen from Figure 7, the incident, reflected, transmitted and dissipated energies all increase with increasing strain rate. For the same strain rate, the incident energy of the damaged frozen sandstone remains in a relatively constant state, and basically does not change with the change of damage value. This is due to the fact that the incident energy is related to the impact velocity. And the strain rate is almost corresponding to the impact velocity. When the impact velocity is relatively constant, the incident energy of the rod is also relatively constant, which reflects the stability of the LT-SHPB system. In addition, with the increase of damage value, the reflected energy and dissipated energy increase, while the transmitted energy decreases. In terms of sandstone failure morphology, the frozen sandstone will failure in a higher degree of fragmentation with more powder particles. The increased damage value also increases the degree of impact damage to the frozen sandstone, resulting in more and smaller fragments. This is due to the fact that as the damage value increases, the cracks and fissures within the frozen sandstone increase significantly, its structural integrity decreases obviously. Based on the basic morphology of fragments, it can be judged that the failure of frozen sandstone is mainly transformed from tensile failure mode to composite failure mode with the increase of strain rate and initial damage.
Figure 8 shows the variation curves of the reflected energy ratio RR, transmitted energy ratio RT and dissipated energy ratio RD with damage values for different strain rates. The reflected energy ratio increases gradually with increasing damage values, which corresponds to the increase in dynamic peak strain in frozen sandstone with increasing damage values. Moreover, the transmitted energy ratio and dissipated energy ratio of the damaged frozen sandstone at the four sets of strain rates show a clear damage effect. The transmitted energy ratio decreases as the damage value increases while the dissipated energy ratio increases. In other words, the energy utilization rate during sandstone failure process increases with the increase of damage value. It shows that with the increase of damage value in dynamic failure of damaged frozen sandstone, more energy is consumed for the propagation of internal cracks and holes. This is consistent with the phenomenon that more block debris and granular powder will appear with the increase of damage value in the dynamic failure process of sandstone. In addition, as the strain rate increases, the dissipated energy ratio gradually increases, and the energy utilization rate in the process of sandstone failure increases, which is similar to the influence of the initial damage value on the dissipated energy ratio. The strain rate can effectively improve the energy utilization rate during sandstone failure process and reduce the proportion of energy lost due to transmission.
[image: Figure 8]FIGURE 8 | Energy ratio variation curves of frozen sandstone with different initial damage values (A) Reflected energy ratio; (B) Transmitted energy ratio; (C) Dissipated energy ratio.
4 CONCLUSION
This paper aims to investigate the effect of initial damage on dynamic mechanical response of the frozen sandstone. The dynamic compression test of frozen sandstone under different initial damage was carried out by LT-SHPB test system. Based on the theory of energy dissipation, the dynamic mechanical properties and the energy dissipation law were studied. The main conclusions are as follows:
(1) The stress-strain curve of the damaged frozen sandstone can be divided into four stages: compaction stage, elastic deformation stage, plastic deformation stage, and failure stage. The compression stage and plastic deformation stage of the frozen sandstone increase with the increasing initial damage value at the same strain rate.
(2) Initial damage has a significant effect on the dynamic mechanical response of frozen sandstone. The dynamic peak stress and dynamic elastic modulus of frozen sandstone decrease with the increase of the initial damage value, showing an obvious damage weakening effect. Dynamic peak strains, in contrast, increase with the increasing damage value. In addition, the dynamic peak stress, dynamic elastic modulus and dynamic peak strain all exhibit a strain rate effect that increase with the increase of strain rate.
(3) As the strain rate and initial damage value increase, the frozen sandstone will failure in a higher degree of fragmentation with more powder particles. The failure of frozen sandstone is mainly transformed from tensile failure to composite failure with the increase of strain rate and initial damage value.
(4) Under the same strain rate, the incident energy of damaged frozen sandstone can remain in a relatively stable state. The reflected energy ratio and dissipated energy ratio increase with the increasing initial damage value, while the transmitted energy ratio reduces. As initial damage value and strain rate increase, the energy utilization rate increases, which is consistent with the phenomenon that more small fragments and granular powders appear during the dynamic failure process of the frozen sandstone.
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