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In the construction project, rock mass is often destroyed from the joint plane, and the jointed rock mass is easy to be eroded by freeze-thaw environment. Therefore, the damage mechanical properties of filled jointed rock mass under freeze-thaw action are very important for construction disaster prevention, engineering safety evaluation and reinforcement. In order to research the effect of the freeze-thaw cycle on the mechanical deterioration properties and damage characteristics of filled jointed rocks, prefabricated filled jointed rock samples are tested with different numbers of freeze-thaw cycles under the temperature range of -20°C~20°C. Then the wave velocity test, static compression test and SHPB impact test are conducted on the rock samples after freeze-thaw. Based on the test results, the change regularity of wave velocity degradation, static compression mechanical properties and dynamic compression mechanical properties of filled jointed rocks under the effect of freeze-thaw cycles were analyzed. The results show that the wave velocity, static compressive strength and dynamic compressive strength of the filled jointed rocks all show a downtrend with the increase of the number of freeze-thaw cycles, and each parameter is positively correlated with the strength of the filling materials. Among them, the decrease in the wave velocity of the rock sample after 30 freeze-thaw cycles is greater than 30%, and the strength loss of the static peak compressive strength exceeds half of its initial strength. The static peak strain rises exponentially with the increase of the number of freeze-thaw cycles while the dynamic peak strain does not show a clear trend. The dynamic peak strain is about 1/10 to 1/5 of the static peak strain. Under the same freeze-thaw action, the lower the strength of filling material, the more serious the damage.
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1 Introduction

With the development needs of human construction, more and more engineering projects need to be constructed in high-altitude and cold regions. Among them, a large number of engineering activities, such as water conservancy and hydropower engineering, nuclear power engineering, deep underground engineering, rock mass tunnel engineering, etc., will inevitably involve the rock mass affected by freezing and thawing. There are a large number of filled joints in natural rock mass. The low strength and large deformation characteristics of filling joints will change the strength of the whole rock mass and increase the instability of engineering rock mass (Singh et al., 2002). In practical engineering, the stress wave generated by dynamic loads such as blasting and earthquake will cause the normal and tangential deformation along the filled joint surface when acts on the filled jointed rock mass, resulting in obvious changes in the mechanical properties of the jointed rock mass (Li and Ma, 2009). The damage and deterioration of filled jointed rock subjected to freeze-thaw cycle for a long time will pose a great threat to the dynamic stability of rock mass engineering. Therefore, it is of great significance to study the mechanical properties of rock filled with joints under freeze-thaw cycles and the propagation law of stress waves in jointed rock mass for stability evaluation and safety protection of rock mass engineering in cold regions.

At present, freeze-thaw cycling tests mainly focus on intact and fractured rocks on their mechanical and degradation characteristics, such as the influencing factors of rock freezing-thawing damage, deterioration mode of rock damage, and microstructure of freezing-thawing rock and mechanical properties of rock. For example, in view of the huge differences in the properties of various rocks, some researchers have carried out experimental study on the effects of different rock types on freeze-thaw damage, and obtained the conclusion that the freeze-thaw durability of igneous rock, sedimentary rock and metamorphic rock is generally reduced in turn (Matsuoka, 1990; Yang et al., 2021). Besides, the freeze-thaw durability of the same rock has been confirmed to decrease with the aggravation of weathering (Deng et al., 2014a). As for the influence of freeze-thaw action on rock characteristics, the research results show that with the increase of freeze-thaw cycle times, the damage of rock will accumulate continuously, but the cumulative damage of rock with high strength is not obvious (Nicholson and Nicholson, 2000; Tan et al., 2011; Qiao et al., 2021).

A number of researches on rock freeze-thaw failure show that the damage and deterioration modes can be roughly divided into falling mode, crack mode and particle loss mode (exfoliation mode) (Xu, 2006; Tan et al., 2011; Li et al., 2017; Deng et al., 2014b). Further analysis shows that the rocks with low strength and high porosity, such as red sandstone and silty mudstone, mostly show the falling mode under the influence of freeze-thaw. Rocks with high strength and low porosity, such as shale, diabase and granite, are mainly show the crack mode. Rocks whose surface is easily softened by water, such as argillaceous siltstone and dolomitic limestone under acidic conditions, show the particle loss mode. In terms of micro view, researchers have conducted experimental exploration on the relationship between rock freezing-thawing damage and porosity by means of scanning electron microscopy, CT scanning and nuclear magnetic resonance (Li et al., 2022; Zhang et al., 2022; Liu et al., 2023; Jiang et al., 2019; Mousavi et al., 2020; Wang et al., 2020). The results show that the more freeze-thaw cycles, the greater the porosity and damage degree of rock samples.

The research on the damage mechanical properties of rock under freeze-thaw cycle is mainly based on the static mechanical tests. For example, through uniaxial or triaxial compression experiments on rock samples under freeze-thaw cycle, it has been found that the compressive strength, peak strain, elastic modulus and other mechanical parameters of rocks show an exponential function or quadratic function attenuation trend with the number of freeze-thaw cycles (Tan et al., 2011; Li et al., 2017; Deng et al., 2019; Lu et al., 2019; Fan et al., 2020; Mousavi et al., 2020). Based on these, some researchers have established a constitutive model with the number of freezing-thawing cycles and strain as control variables on the basis of damage mechanics theory (Zhang and Yang, 2010; Bayram, 2012; Huang et al., 2018; Li et al., 2021a).

In terms of dynamic mechanical properties, the dynamic test of the rock after freezing and thawing is mainly carried out by using the split Hopkinson compression bar device which is suitable for the study of dynamic mechanical properties of various brittle materials at high strain rate (Li et al., 2021b; Liu et al., 2022; Zhao et al., 2022). For example, Wang et al. (2016a) and Wang et al. (2016b) explored the dynamic characteristics of freezing-thawing red sandstone under different strain rates through SHPB test. The results show that the decrease of peak strength and dynamic elastic modulus under the impact test gradually with the increase of freeze-thaw action, while the peak strength and shear strength are positively correlated with the strain rate. In addition, the compressive strength and elastic modulus decrease more obviously under dynamic impact than under static load. For homogeneous sandstone, Zhou et al. (2015) carried out experimental study by nuclear magnetic resonance test and SHPB impact test to reveal that the higher the porosity, the more serious the dynamic strength degradation will be under freezing-thawing action, and the relationship between porosity and dynamic peak strength is polynomial. Yi et al. (2020) found that the dynamic mechanical indexes of sandstone deteriorated after freezing-thawing cycles, and the cumulative damage inside rock samples grew slowly when the number of freezing-thawing cycles is large. In addition, some scholars have observed the failure characteristics of rock samples during dynamic impact with the help of high-speed cameras. For example, Zhou et al. (2018) used high-speed cameras to study the crack propagation and failure mode of intact sandstone samples after dry-wet cycles during dynamic tensile process. Su et al. (2021) found that the final failure modes of sandstone with different dip angles were different in the dynamic compression test of filling weak through jointed sandstone by means of high-speed camera. With the increase of joint dip angle, the failure order of the sample changed from the first failure of filling weak joints in the middle to the first failure of rocks on both sides.

At present, there are many studies on the mechanical properties of intact or fractured rocks under freeze-thaw cycle, but there are few studies on the mechanical properties of jointed rocks under freeze-thaw cycle. Moreover, the influence of external factors such as freeze-thaw cycle has not been considered in the study of dynamic characteristics and wave propagation law of filled rock joints. In recent years, more and more attention has been paid to the research on dynamic characteristics of filled rock joints. The static and dynamic characteristics, stress wave propagation law, energy loss and other important characteristics of filled joints are gradually revealed by wave propagation theory, numerical simulation and rock test (Li et al., 2014; Huang et al., 2015; Liu et al., 2017; Chai et al., 2020a; Chai et al., 2020b; Jia et al., 2021). In terms of experimental research, Chai et al. (2020a) studied the mechanical properties of filled jointed rock under cumulative impact, including static and dynamic characteristics, and comprehensively considered the effects of filling materials and joint thicknesses. Based on this, the cumulative damage characteristics of filled joints under multiple impacts and the energy dissipation law under dynamic loading were studied by means of a self-made cumulative impact device (Chai et al., 2020b). However, the damage characteristics of filled jointed rock under environmental action such as freeze-thaw cycle have not been studied yet.

In view of the unclear mechanical characteristics of freeze-thaw damage of filled joints, on the basis of previous studies (Chai et al., 2020a; Chai et al., 2020b), this paper presents static and dynamic compression experimental study on prefabricated artificial jointed rock samples pretreated under different freeze-thaw cycles. The variation law of static and dynamic mechanical parameters and failure characteristics of filled jointed rock samples under the action of freeze-thaw cycle are studied and analyzed, and the propagation characteristics of stress wave in filled rock samples are further analyzed.




2 Test profile



2.1 Sample preparation

Due to the complex distribution and varying thickness of filled joint layer in natural rock mass, it is difficult to prepare the same type of rock samples in batches, which is not conducive to the single factor analysis. Therefore, in this test, the granite with good lithology and the mortar with similar properties to the joint filling layer are used to prepare the filled jointed rocks by artificial combination. As the weak layer of rock mass, the physical and mechanical properties of joint layer are generally lower than that of rock blocks on both sides. In the previous research work of our research group (Chai et al., 2020a; Chai et al., 2020b), four kinds of filling joint rock samples with different filling materials, cement mortar, lime mortar, gypsum mortar and sediment mortar, were prepared to simulate the filling joints with different characteristics in practice. In this paper, only the filling joint rock with lime mortar is selected as the object for research. In order to reflect the diversity of the filling layer, three filling mortars with different mix proportions are used in this test. The mortar proportion and the mortar strength are shown in Table 1.


Table 1 | Physical and mechanical parameters of rock and joint filling materials.



The preparation method of the filled jointed rock samples remained the same as in the previous studies (Chai et al., 2020b). In the preparation process, firstly, the granite is processed into cylindrical test blocks with a diameter of 50 mm and a height of 15 mm, and one end of each test block is polished to ensure that the roughness of the end faces of each test block is the same. At the same time, six grooves are cut at equal spacing on this end to form three horizontal and three vertical grooves with a depth of 1 mm and a width of 2 mm. Then the filling mortar is prepared according to the mortar proportion in Table 1. Finally, the two test blocks are placed face-to-face with the grooves aligned with each other and filled with the filling mortar with a thickness of 5 mm. After the sample preparation, a wave velocity tester is used to screen the rock samples and eliminate those with large differences in wave velocity. In addition, in order to reduce the influence of external factors on the rock samples, parallel tests are used for each part of the process, and three samples are used as one group.

The prepared filled jointed rocks are maintained under standard curing conditions for 28 days. The cured rock samples are dried in an oven at 60°C for 12 h, and then immersed in a distillation tank for 12 h until the rock samples are naturally saturated. After that, the water-saturated rock samples are put into a rapid freeze-thaw cycle test chamber for the freeze-thaw cycle test. The freeze-thaw cycle test parameters are set as follows: -20°C freezing for 4 h, 20°C thawing for 4 h. Under this condition, 0, 1, 5, 10, 15, 20 and 30 freeze-thaw cycles are carried out in groups, as shown in Figure 1.




Figure 1 | Fabrication and freeze-thaw cycle test process of jointed rock samples of three filling materials.






2.2 Experimental equipment

After the freeze-thaw cycles of the rock samples, the NN-4B nonmetallic ultrasonic testing analyzer is used to test the wave velocity of the filled jointed rock after different freeze-thaw cycles. The wave velocity tester is shown in Figure 1. During the measurement, Vaseline is applied to the surface of both sides of the rock sample. Multiple wave velocity tests are conducted to eliminate the results with large variance, and the average of three valid wave velocity values is taken as the effective measurement result of wave velocity.

In order to find out the change regularity of mechanical properties of rock samples after freeze-thaw cycles, the WAW31000 microcomputer-controlled electro-hydraulic servo universal testing machine and SHPB testing device are used to conduct static compression tests and dynamic impact tests on rock samples under the accumulated damage of different freeze-thaw cycles, as shown in Figure 2. The static compression test is performed by controlling the load to achieve compression damage to the rock samples at a rate of 50 N/s. The dynamic impact test is performed with a Split Hopkinson Pressure Bar (SHPB), which is mainly composed of an incident bar, a transmission bar and an absorption bar. The diameter of the bars is 50 mm, the elastic modulus is 210 GPa, Poisson ratio is 0.25, the longitudinal wave speed is 5172 m/s, and the density is 7800 kg/m3. The length of the impact bar, the incident bar and the transmission bar respectively are 0.3 m, 3.7 m and 2.5 m, respectively. In order to reduce the superposition effect of the incident and reflected waves, the strain gauges on the incident and transmission bars are pasted at 1 m and 0.5 m away from the surface of the sample, and the method of symmetrical pasting is adopted to improve the test accuracy. The dynamic impact pressure is set to 0.15 MPa, and 0.15mm thick copper sheet is used as pulse shaper. The FASTCAM Mini UX high-speed camera is used to record the damage process of the rock samples during the dynamic impact.




Figure 2 | Static and dynamic compression mechanical characteristic test instrument: (A) WAW31000 universal testing machine; (B) diagram of SHPB test device.







3 Analysis of test results



3.1 Damage regularity of filled jointed rocks under the freeze-thaw action

Under the action of freeze-thaw cycles, the pores and fractures inside the filled jointed rocks continue to develop and expand, causing irreversible damage to the rocks. The macroscopic performance of the cumulative damage is the deterioration of wave velocity, elastic modulus, density, strain and other parameters of rock samples. In this study, the wave velocity is used as a macroscopic parameter to describe the damage and deterioration of the filled jointed rocks. The average wave velocity values are shown in Table 2.


Table 2 | Wave velocity of jointed rock under different freeze-thaw cycles.



It can be seen from Table 2 that with the increase of the number of freeze-thaw cycles, the wave velocity values of the filled jointed rocks continue to decrease. The wave velocities of the three types of filled rock samples have decreased by 34.02%, 42.03% and 30.95% respectively after 30 freeze-thaw cycles, indicating that the freeze-thaw cycles have a greater impact on the damage and deterioration of the filled jointed rocks. This is because under the freeze-thaw action, a large number of fissures and cracks are produced inside the filled jointed rocks, which leads to a more complex ultrasonic wave propagation path and reduces the wave propagation velocity.

Under the action of the same freeze-thaw cycles times, the wave velocity relationship of the three types of filled jointed rocks is vIII>vI>vII. Considering the initial strength of the filling materials, it is found that the wave velocity value of the filled jointed rocks is positively correlated with the strength of the filling materials. The main reason is that the greater the strength of the filling materials is, the better the overall stability of the rock samples, and the slower the deterioration rate of the rock samples under the action of the same freeze-thaw cycles, as well as the higher the wave velocity. To further analyze the damage and deterioration regularity of freeze-thaw cycles on the filled jointed rocks, the damage degree Dn from the reference was cited as (Chai et al., 2020b):



where vn is the wave velocity value of the filled jointed rock after n times freeze-thaw cycles, and v0 is the wave velocity value of the rock samples without the freeze-thaw cycles. By substituting the wave velocity values in Table 2 into Eq. (1), the accumulated damage of three types of filled jointed rocks under different freeze-thaw cycles times can be calculated, as shown in Figure 3.




Figure 3 | Cumulative damage changes of jointed rock under different freeze-thaw cycles.



As shown in Figure 3, the cumulative damage degree of the three types of filled jointed rocks increases nonlinearly with the increase of the number of freeze-thaw cycles, indicating that the damage caused by the freeze-thaw action of the jointed rock sample is a continuous cumulative process. This is mainly due to the fact that water inside the pores of water-saturated rock samples freezes into ice under low-temperature conditions, and the frost heaving force generated by the water-ice phase change react on the pores and fractures. When the frost heaving force exceeds the tensile strength of the rock matrix, it will promote the further development of pores and cracks, and the migration of free water in the new cracks during the melting process will lead to the further expansion of cracks. The jointed filling layer is formed by the weathering of rocks, and the number of internal pores and fissures is much more than that of the rocks on both sides. Hence, the water content in the filling layer in the saturated state is more than that of the rocks on both sides. During the freeze-thaw cycle, the frost heaving force generated by the water ice phase change in the filling layer is greater than that of the rocks on both sides. The frost heaving force in the filling layer partially promotes the development of cracks, and partially acts on the rocks on both sides, further leading to the reduction of the integrity of the joint layer and even damage.

In addition, the slope of the curve in the Figure 3 is greater in the early stage than in the middle and late stage, showing a gradual decreasing trend, indicating that the damage and deterioration rate of the jointed rock samples in the early stage of the freeze-thaw is greater than in the middle and late stage. It reflects the rapid development of pores and fractures in the rock samples at the early stage of the freeze-thaw, accelerating the damage and deterioration of the filling layer. However, the sensitivity of the rock samples to the damage and deterioration gradually decrease in the middle and late stage of the freeze-thaw.

By fitting the curves, it is found that the fitting function is the same as the damage function in the reference (Chai et al., 2020b), and the curve fitting degree is high, indicating that the model is applicable to the evaluation of accumulative damage of filled jointed rocks under the freeze-thaw action, expressed as:



where α, β, γ are fitting coefficients, and n is the number of freeze-thaw cycles. According to the change rule of each value of the curve, it is found that α, β and γ in the formula are related to the filling materials. More specifically, α and β are negatively correlated with the filling strength, while γ is positively correlated with the filling strength. According to this formula, the damage degree of the filled jointed rocks under the action of different number of freeze-thaw cycles can be calculated.




3.2 Analysis of the static uniaxial compressive strength deterioration

The static stress-strain curves of the rock samples can be obtained by the uniaxial compression test on the filled jointed rocks under different times of freeze-thaw cycles, as shown in Figure 4.




Figure 4 | Static stress-strain curves of three kinds of jointed rock: (A) type I filling jointed rock; (B) type II filling jointed rock; (C) type III filling jointed rock.



From Figure 4, it can be seen that the stress-strain curves of the three filled jointed rocks have similar trends, and the curves move downward to the right with the increase of the number of freeze-thaw cycles. Based on the previous research results (Chai et al., 2020b), the static compression process of rock samples is divided into four stages: the compaction stage, the elastic stage, the plastic yielding stage, and the destruction stage. For the rock samples with same filling material, with the increase of the number of freeze-thaw cycles, the compaction stage of the curve gradually lengthens, and the slope in the elastic stage of the curve gradually decreases. At the same time, there is an obvious plastic yielding stage, and the decline rate in the destruction stage becomes slower.

To further study the static properties of the filled jointed rocks under the freeze-thaw, the static peak compressive strength corresponding to each condition is obtained from Figure 4, and the results are shown in Table 3. From the Table 3, it can be seen that the compressive strength of rock samples corresponding to the same number of freeze-thaw cycles is: Type III > Type I > Type II. This is because the filling layer, as the weak layer of the rock samples, has a “barrel effect” on the compressive strength of the rock samples. From a material perspective, the filling materials of type I and type II both are mixed with lime, sand and water, and under the premise of consistent lime content, the sand content of type I is greater than that of type II. The combination of fine sand as a fine aggregate material and a cementitious material (lime) greatly increases the friction between material particles, so the stability of Type I filling material is higher than that of Type II filling material. For the jointed rock samples of type I and type III, on the condition of the same sand content, the filling materials of type III contain part of clay, which enhances the cohesion among the particles of each material, so the stability of type III is higher than that of type I and type II.


Table 3 | The static compression strength of the filled jointed rock.



The decreasing trend of static peak compressive strength of the three types of filled jointed rocks is similar: first decreasing sharply and then decreasing at a slower rate. For example, after 15 freeze-thaw cycles, the strength of type II filled jointed rock decreased the most by 51.1%; type I is the followed by 39.7%; type III has the smallest strength loss rate of 38.4%, accounting for 3/4 of the strength loss during the its full freeze-thaw cycle. After 30 freeze-thaw cycles, the peak compressive strengths of the three types of filled jointed rocks are respectively 45.8%, 33.4%, and 47.9% of those before the freeze-thaw cycles, with strength loss rates greater than 50%. To better present the change regularity of compressive strength with the number of freeze-thaw cycles, the freeze-thaw coefficient is adopted and is expressed as:



where Rs and Rf are the uniaxial saturated compressive strengths (MPa) of the filled jointed rocks before and after the freeze-thaw cycles, respectively. The results of freeze-thaw coefficients were compared and analyzed as shown in Figure 5.




Figure 5 | The relationship between freeze-thaw coefficients and freeze-thaw cycle times.



As shown in Figure 5, the freeze-thaw coefficient of the rock samples decreases nonlinearly with the increase of the number of freeze-thaw cycles, indicating that the peak compressive strength of the filled jointed rocks is deteriorating continuously. The decreasing trend of the curve can also show the damage and deterioration rate of the rock samples at each stage of the freeze-thaw.

The static peak strain shows different trends, and all three types of rock samples show an increase in peak strains of more than 40% after 30 freeze-thaw cycles. The curve fitting of the peak strain under various freeze-thaw cycles is shown in Figure 6. The peak strains of the rock samples increase with the increase of the number of freeze-thaw cycles, and the growth rate of peak strains is greater in the early stage of the freeze-thaw than that in the middle and late stage. With the increase of freeze-thaw times, the deformation of the rock samples gradually tends to stabilize, and the rock samples show a trend of decreasing brittleness and increasing ductility.




Figure 6 | The relationship between the peak strain and freeze-thaw cycle times.



The curve of static peak strains with the number of freeze-thaw cycles shown in Figure 6 can be fitted as:



where ϵb is the static peak strain; n is the number of freeze-thaw cycles; a and b are the fitting coefficients. In Eq. (4), it can be seen that the peak strains of all the three types of filled jointed rocks increases exponentially, and the fitting parameter b is greater than 0 and less than 1, indicating that the peak strains increases with the increase in the number of freeze-thaw cycles. However, with the continuous increase in the number of freeze-thaw cycles, the rising trend of peak strains becomes slower, indicating that the fracture development is gradually completed and stable after the rock samples undergoes a certain number of freeze-thaw cycles, i.e., the filled jointed rocks will not be in an endless deterioration process. By comparing the curve fitting coefficients, it is found that the coefficient a is negatively correlated with the strength of the filling layers.

From Section 4.1, it can be seen that the filled jointed rocks are in the process of continuous cumulative damage under the action of freeze-thaw cycles. The continuous deterioration of rock samples under the freeze-thaw action is further confirmed by the change regularity of static parameters of rock samples in this section. To illustrate the inherent relationship between the strength eterioration and cumulative damage, Figure 7 shows the change regularity of static peak stress and peak strain with the change of cumulative damage degree. The certain accumulated damage threshold in the Figure 7 can divide the curve into two zones (Region A and Region B) with different trends. The data points before this damage threshold are relatively discrete, and the results of the rock samples with three filling materials show significant differences. However, beyond this threshold, the results of the three types rock samples tend to be similar. Therefore, it can be inferred that the joint filling layers have been damaged after reaching this damage threshold and lost their contributions to the overall strength and deformation. Subsequently, the change regularity of peak stress and strain with the damage degree of rock samples is mainly determined by the rocks on both sides. The damage threshold in this test is about D’n=0.5.




Figure 7 | Variation of static peak stress and strain with cumulative damage degree: (A) peak stress-cumulative damage degree; (B) peak strain-cumulative damage degree.



By fitting the curve of Figure 7, the relationship between the peak stresses in Region A and Region B and the cumulative damage degree can be obtained as:



The fitting relations of peak strain and cumulative damage degree in the two zones are:



The fitting parameters are shown in Table 4.


Table 4 | Fitting parameter table.



Obviously, the fitting coefficients of the curve in Region A are related to the filling material properties, and α´ and b´ in this test are positively correlated with the strength of the filling layers, while β´, γ´ and a´ are negatively correlated with the strength of the filling layers. The fitting coefficients in Region B are only related to the properties of the rock on both sides.

From the perspective of failure state, after undergoing multiple freeze-thaw cycles of damage, the rock sample exhibits a trend from splitting failure to shear failure due to decreased strength and increased strain. Figure 8 shows the final damage morphology of type III rock samples with 0 and 30 freeze-thaw cycles. It is obvious that the rock sample after 30 cycles exhibits oblique cracks in a shear failure pattern.




Figure 8 | Static compression failure diagrams of type III rock samples with 0 and 30 freeze-thaw cycles.






3.3 Analysis of dynamic impact results

The SHPB device is used to conduct impact tests on rock samples after freezing and thawing. Referring to the three-wave method used by Bayram (Bayram, 2012), the electrical signals collected from the impact tests are converted into the stress, strain, and strain rate of the rock samples, and the dynamic stress-strain curves of each filled jointed rock under freezing and thawing cycles are further calculated, as shown in Figure 9. Compared to the static pressure curve shown in Figure 4, the slope of the dynamic stress-strain curve in the initial stage is relatively larger, mainly because the SHPB test belongs to high strain rate compression, and the impact process is completed in an instant. The deformation of the filling layers is slower than the transfer of stress. In the elastic stage, the slope of the curve (i.e., dynamic compression modulus) tends to decrease with increasing freeze-thaw action. Similarly, the slope of the curve in yielding stage decreases with increasing freeze-thaw times, indicating that the ductility of the rock samples is increasing under the freeze-thaw action.




Figure 9 | Dynamic stress-strain curves of three kinds of jointed rock: (A) type I filling jointed rock; (B) type II filling jointed rock; (C) type III filling jointed rock.



As can be seen from Figure 9 that the dynamic stress-strain curves of the three types of filled jointed rocks have similar trends. With the increase of the number of freeze-thaw cycles, the dynamic peak compressive strength of the jointed rock samples gradually decreases. The dynamic peak strain of the rock samples changes in an unclear way, and there are fluctuations. The dynamic compressive strength of the rock samples is in continuous deterioration process under the action of freeze-thaw cycles, and the strength damage continues to accumulate with the increase of the number of freeze-thaw cycles. The regularity of dynamic strength of the three types of rock samples under the action of the same freeze-thaw cycles is consistent with that of static compressive strength. According to the analysis of Section 3.1, the macroscopic damage of rock samples under the freeze-thaw action can be manifested as wave velocity deterioration. In order to explore the relations between strength damage and wave velocity damage, the dynamic peak compressive strength of each condition is fitted with the corresponding wave velocity, as shown in Figure 10.




Figure 10 | Relation curve between dynamic compressive strength and wave velocity.



It can be seen from Figure 10 that the wave velocities of the three types of rock samples have a good correlation with the dynamic peak compressive strength. The dynamic compressive strength of the rock sample shown in the figure decreases nonlinearly with the attenuation of the wave velocity. From the change regularity of the fitting curve of strength versus wave velocity, it can be seen that if the wave velocity value vn of the filled jointed rocks after the freeze-thaw is measured, the corresponding dynamic compressive strength σpn can be calculated by the formula   where  、  、   are the fitting coefficients.

Comparing the static peak strain in Figure 6, it is found that the amplitude and range of dynamic peak strain changes are much smaller than the static peak strain. Compared with the change trend of static peak strain, the dynamic peak strain has a certain discreteness with the change of freeze-thaw times. As shown in Figure 11, the value of dynamic peak strain ranges from 0.01 to 0.013, which is approximately 1/10 to 1/5 of the static peak strain. This is mainly due to the fact that uniaxial compression belongs to a low strain rate test, while dynamic impact is a kind of high strain rate test. The latter acts on the rock samples for an extremely short time, causing the rock samples to be damaged by compression in a very short time, which results in smaller dynamic peak strain values and a more complex change regularity of the rock samples.




Figure 11 | Dynamic peak strain histogram of jointed rock under freeze-thaw cycle.






3.4 Analysis of impact failure

Figure 12 shows the failure process of each rock sample after 10 freeze-thaw cycles recorded by a high-speed camera. Based on the stress-strain curves, it is found that the impact process of the filled jointed rock sample after freeze-thaw damage contains filling layer compaction, overall elastic compression, crack growth, filling layer splash and rock sample destruction. From Figure 12, it can be seen that the filling layers are firstly destroyed by compaction under the impact load, and its filling layer destruction appears as granular clasts splash due to the lowest filling layer strength of type II, while the filling layers of type I and III are compressed and slightly lateral expansion occurs. As the impact continues, the filling layer emits joint debris around under the impact load, and the rocks on both sides bear the impact load to generate cracks. Under the impact load, the cracks gradually develop, penetrate, and thicken, ultimately leading to complete destruction of the rocks on both sides.




Figure 12 | Failure patterns of three kinds of jointed rocks after 10 freeze-thaw cycles.






3.5 Effect of freeze-thaw cycles on wave propagation characteristics in filled jointed rocks

This SHPB test is performed by controlling the impact pressure (0.15 MPa) to maintain the initial velocity of the impact bar to ensure consistent amplitude values of the incident wave. Figure 13 shows the waveform curves of reflected and transmitted in filled jointed rocks after 0, 5, 10, 15, 20 and 30 freeze-thaw cycles. Due to the consistent shape of the incident wave, it is not reflected in this figure. As shown in Figure 13, as the number of freeze-thaw cycles increases, the amplitude of the reflected wave continuously increases, while the amplitude of the transmitted wave decreases. This is mainly due to the fact that the filled jointed rocks are in the process of continuous freeze-thaw damage and deterioration, and the pores and fractures in the jointed layers are increasing, which leads to the continuous decrease of the overall density and the increase of the average wave impedance of rock samples. According to the relation between reflection coefficient R and wave impedance zp in the reference (Chai et al., 2020b), Eq. (7) shows that the average impedance of the rocks increases and the reflected wave amplitude keeps rising and the transmitted wave amplitude keeps decreasing.




Figure 13 | Reflection and transmission waveform curves of jointed rock under freeze-thaw cycle: (A) reflected wave; (B) transmitted wave.





where zp1 is the wave impedance of the bar and zp2 is the wave impedance of the rock sample.

It can also be seen from Figure 13 that the change of the amplitude of transmitted and reflected waves with the freeze-thaw cycles is larger before 15 freeze-thaw cycles. As the freeze-thaw cycles continue, the change gradually decreases. Based the analysis of the dynamic mechanical properties of rock samples, it is shown that the deterioration rate of the rock samples in the early stage is faster than in the later stage. In addition, the fluctuation regularity of transmitted waves in each rock sample is good in the early stage of the freeze-thaw, but it is gradually complex with the increase of freeze-thaw times, which indicates that the transmitted wave propagation path is gradually complex, further indicating that the freezing and thawing caused the development of pores and fractures in the filled jointed rock in multiple directions.

To further study the influence of freeze-thaw action and filling materials on the transmitted and reflected effect of stress wave propagation of the filled jointed rocks, the transmitted and reflected wave amplitudes of each rock sample were compared and analyzed, as shown in Figure 14.




Figure 14 | Transmission and reflection wave peaks of jointed rock under freeze-thaw cycle.



From Figure 14, it can be seen that the freeze-thaw action and the filling joint materials jointly affect the stress wave transmission and reflection law of the filled jointed rocks. Under the condition of the same filling material, the peak value of reflected wave increases with the increase of the freeze-thaw cycle times, while the peak value of the transmitted wave decreases. Under the condition that the freeze-thaw action is the same, the amplitude of reflected wave is negatively correlated with the strength of the filling materials, while that of transmitted wave is positively correlated with the material strength. This indicates that the filling materials and the freeze-thaw action have different effects on the transmitted and reflected mechanism of stress waves, which shows that the lower the strength of filling materials is and the more freeze-thaw cycle times are, the weaker the reflected ability of stress waves is and the stronger the transmitted ability is.




3.6 Analysis of energy dissipation of dynamic impact damage

The impact process of filled jointed rocks is driven by external energy to complete the damage. According to the one-dimensional stress wave theory, the incident energy Wi, reflected energy Wr and transmitted energy Wt of the rock samples under each operating condition can be calculated from the cross-sectional area of the pressure bar A, the elastic modulus E, the stress wave velocity C0 and the corresponding strain, expressed as:



where   (m=i, r, t) are respectively the incident strain, reflected strain and transmitted strain, which can be directly calculated by the three-wave method when obtaining the dynamic stress-strain curve. The corresponding dissipation energy Ws can also be calculated according to the law of energy conservation:



Accordingly, the energy dissipation rate Ws/Wi can be used to analyze the energy dissipation regularity of the stress wave of the filled jointed rocks under the freeze-thaw action. The energy dissipation rate of different filling materials under different number of freeze-thaw cycles can be obtained from the calculation results, as shown in Figure 15.




Figure 15 | Energy dissipation rate of filled jointed rock under freeze-thaw cycle.



From Figure 15, it can be seen that the energy dissipation rate of rock samples is positively correlated with the strength of the filling materials, indicating that the stronger the filling material, the greater the energy consumed by the rock sample to undergo failure after undergoing the same freeze-thaw cycles. Considering the accumulated damage of each rock sample, it can be found that under the same freeze-thaw cycle times, the higher the strength of the filling layers is, the smaller the accumulated damage is and the larger the energy dissipation rate during impact damage is. This is mainly due to that the higher density of the filling layer with higher strength requires more energy for destruction. In addition, the energy dissipation rate of the same filled jointed rocks gradually decreases with the increase of freeze-thaw cycle times, and the rate of in energy dissipation rate decreases with the continuous effect of freeze-thaw action.





4 Conclusions

In this paper, the experimental study on the static and dynamic compression characteristics of filled jointed rock samples under different freeze-thaw cycles are carried out, and the corresponding failure characteristics are accordingly analyzed. The main conclusions are as follows:

	(1) With the increase of freeze-thaw cycles, the wave velocity of the filled jointed rock deteriorates continuously. After 30 freeze-thaw cycles, the wave velocity of the jointed rock decreases by more than 30%, and the wave velocity of the rock mass with lower filling material strength decreases more. This indicates that the wave velocity value of the filled jointed rocks is positively correlated with the strength of the filling materials. The fitting formula of freeze-thaw cumulative damage evolution model is  .

	(2) The static and dynamic peak compressive strength of the filled jointed rock decrease continuously with the increase of freeze-thaw cycles, and the strength loss rate of the static peak compressive strength of the rock sample is greater than 50% after 30 freeze-thaw cycles, indicating that the freeze-thaw action has a significant impact on the strength deterioration of the filled jointed rocks, and the freeze-thaw damage has a continuous accumulation process. The dynamic and static peak compressive strengths of the jointed rock decrease with the decrease of the filling layer strength under the same number of freeze-thaw cycles.

	(3) The static peak strain of the filled jointed rocks shows an obvious rising trend with the increase of freeze-thaw cycle times and is much larger than the dynamic peak strain in numerical value. The trend of dynamic peak strain change is not obvious, and the numerical range is 0.01 ~ 0.013. This is mainly due to the fact that dynamic impact belongs to high strain rate tests, the rock is compressed and destroyed in a very short time, and the impact process undergoes obvious splashing of broken rock debris. Therefore, the dynamic peak strain change law is complex and the value is small.

	(4) Under freeze-thaw cycles, there is a damage accumulation threshold for the filled jointed rock samples, and the damage accumulation threshold for this filled jointed rock sample is 0.5. After reaching the threshold, the joint filling layer has been destroyed, and the damage deterioration is basically complete. The filling layer will lose its contribution to the subsequent freeze-thaw process of overall strength and deformation, and the strength and peak strain will be determined by the rocks on both sides.

	(5) Under the same freeze-thaw condition, the peak value of reflected wave amplitude and energy dissipation rate increases with the increase of filling material strength. Under the same filling material condition, the peak value of reflected wave amplitude and energy dissipation rate decreases with the increase of freeze-thaw times.
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