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This paper aims to reveal the fatigue damage and instability behaviors of mud-shale under multistage increasing-amplitude fatigue loading. The fatigue loading tests combined with real-time acoustic emission (AE) monitoring technique were employed to investigate the influence of water content on the deformation, damage, and fracture characteristics. Testing results show that rock fatigue life decreases with the increase of water content, and the hysteresis curve changes regularly with time. The failure process can be divided into three stages: initial stage, stable development stage and acceleration stage. The acoustic emission output activities were also influenced by the water content. The acoustic emission ring count and acoustic emission energy both decrease with increasing water ratio and the accumulative count and energy are the least for a sample having high water ratio. The acoustic emission activity shows a sudden increase trend at the amplitude-increasing moment, indicating the occurrence of strong damage within rock sample. The damage propagation within a cyclic loading stage is relatively small compared to the stress-increasing moment. The results are helpful to understand the fatigue mechanical responses of water-sensitive soft rock, as well as the slope stability of the open-pit mine. The research results have important theoretical and practical significance for promoting slope treatment and disaster prevention.
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INTRODUCTION
Soft rock is extensively distributed in nature, which has an important influence on the stability of slope engineering. The slope stability of soft rock has been paid more and more attention and studied by more and more scholars. In the field of geotechnical engineering, soft rock has unique physical and mechanical properties, exhibits obvious rheological characteristics under the action of external factors, and has obvious time effect (Guo et al., 2012; Li et al., 2012; Cerfontaine and Collin 2018; Hashemnejad et al., 2021; Bai et al., 2022b; Wang et al., 2022a; Wang et al., 2022b; Wang et al., 2022c) Therefore, soft rock has always been a key and difficult problem in the study. In many soft rock open pit slopes, the rock mass is usually subjected to continuous and repeated stress disturbance, which will affect the stability of the slope and cause slope instability accidents and disasters. In practical engineering, cyclic loading and unloading are closer to the actual engineering situation. Exploring the influence of cyclic loading on rock structural deterioration and instability is of importance to ensure the long-term stability of mining slopes.
Plenty of attempts have been performed to reveal the mechanical response of rock subjected to cyclic loads. The effect of stress frequency, stress amplitude, stress level on rock strength (Singh 1988; Singh, 1989), deformation (Voznesenskii et al., 2016; Fan et al., 2019; Bai et al., 2021), hysteresis ratio (Song et al., 2012; Chen et al., 2017; Guo et al., 2018), energy dissipation (Peng et al., 2020; Song et al., 2020) and failure modes (Liu et al., 2018; Vaneghi et al., 2018; Wang et al., 2023) were investigated in the laboratory. Among the factors affecting rock fatigue mechanical behavior, stress amplitude and loading frequency have always been the focus of research. Bagde and Petros, (2005) carried out cyclic loading tests on complete sandstone samples from a coal mine and found that loading frequency and stress amplitude had a great influence on rock dynamic behavior. Liu et al. (2012) conducted a triaxial cycle test on sandstone and found that dynamic frequency has a great influence on dynamic deformation, dynamic stiffness and failure mode. Roberts et al. (2015) studied the creep and expansion behavior of salt rock under fatigue load and revealed the deformation characteristics of salt rock. Momeni et al. (2015) carried out cyclic loading tests on granite samples and found that maximum stress level and frequency have greater influence on fatigue behavior than amplitude. They also found that rock fatigue life increases with increasing frequency and decreasing maximum stress level. Taheri et al. (2017) conducted a cyclic loading test on lignite and found that the cyclic loading and cumulative irreversible axial strain had little effect on the mechanical properties of lignite. Meng et al. (2020) revealed the effect of loading frequency on fracture and acoustic emission modes rock with pre-flaws, and found that rock bridges are prone to fracture at lower dynamic frequencies. Zheng et al. (2020) revealed the dynamic and damage properties of artificial jointed rock samples under triaxial cyclic loads with different dynamic frequency, they found that the loading frequency impacts the irreversible strain, and the axial, radial and volumetric strain exhibit different evolution pattern.
Although the influences of fatigue loading parameters on rock damage and fracture have been widely studied, most of the studies are focusing on intact and pre-flawed hard rock, such as granite, marble, basalt, limestone, diorite, and also the block-in-matrix-rocks (Al-Shayea 2004; Zhou et al., 2015; Xu et al., 2021; Wang et al., 2022d; Wang et al., 2023). Investigations on the fatigue mechanical behaviors of water-sensitive rock, e.g., mud-shale in this work, exposed to cyclic loads are relatively less, especially the influence of water content on the deformation and damage evolution are rarely reported. As a result, this work emphatically investigates the influence of water content on mechanical responses of mud-shale, which is a kind of typical soft work, to reveal the damage and fracture characteristics. This study can give new insight into the fracture and instability of water-sensitive mud-shale and the associated long-term stability predication to soft rock engineering.
METHODS
Tested mud-shale description
The tested rock material was obtained from the west open-pit mining area, which is located in the southwest of Fushun city, Liaoning Province. The Fushun west open pit was built in the early 20th century, is a mining with hundreds of years history of open-pit mine, since last century west open pit mining, formed the things is about 6.6 km long, north and south is about 2.2 km wide, vertical excavation depth of about 400–500 m, large volume of 1.7 billion cubic meters of mine, and known as the largest open pit in Asia, as shown in Figure 1. The coal and oil shale are the two main minerals mined in the West open-pit mine, and Fushun, and the term of “coal capital”, was born from this mine. The tested mud shale is widely distributed in the north boundary of the West open pit slope, field drilling reveals the thickness distribution of the mud shale, as shown in Figure 2.
[image: Figure 1]FIGURE 1 | The overview of the Fushun west open pit slope and the sampling site.
[image: Figure 2]FIGURE 2 | Drilling core of the mud-shale at a depth of 80–90 m.
The sample used in this study is a cylinder with a diameter of 50 mm and a height of 100 mm. Considering the test accuracy, all the rock samples in this test are refined and cut and ground with high precision, so as to ensure that the external dimensions of the rock samples are within the corresponding measurement accuracy requirements and meet the requirements of international rock mechanics: 1) The non-parallelism error of the two end faces should not exceed 0.05 mm; 2) The roughness error of the end face shall not exceed 0.02 mm; 3) The maximum deviation of the vertical axis of the end face shall not exceed 0.25. A non-destructive immersion test device is used to prepare mud-shale with different water content, and the water ratio is 0%, 2.11%, 2.56%, 4.36%, and 6.25%, respectively. The mass loss of the mud-shale is also shown in Table 1, it is shown that the loss ratio increases with the increase of water ratio. During the test, it is observed that rock surface material peeling off gradually, and with the infiltration of water, the presence of water on the mud shale pore fissure have softening effect, causing damage to the internal structure of the rock.
TABLE 1 | Description of the basic physical state and loading conditions for the samples.
[image: Table 1]Experimental device and method
In order to study the strength characteristics, deformation evolution, and damage development of mud-shale under fatigue loads, a specially designed multi-stage cyclic loading and unloading compression test is designed. The stress-strain relationship curves and acoustic emission characteristics of mud-shale under different loading conditions were obtained by using the GCTS RTR 2000 rock mechanics testing machine. The detailed testing scheme is listed in Table 1. In order to study the water content on rock damage and instability, multi-stage uniaxial cyclic loading testing with a stress-control mode was employed in this work. The disturbed stress is applied with sinusoidal wave and the loading frequency is 0.1 Hz for all the tested rock, the stress amplitude of each cyclic loading stage was increased by 3.0 MPa, 30 cycles were applied at each stage.
Apart from the stress strain tests during the cyclic loading process, real-time acoustic emission technique was also employed to record the fracturing signals in order to record rock deformation, crack propagation, and the failure process. The AE monitoring can provide effective precursor information to predict the fracture and instability of rock mass under stress disturbance. The PAC AE monitoring system was used during the experiment. The maximum sampling rate was 1MSPS, the resolution was 18 bits, and the sampling filter frequency was 125–750 kHz. A kind of nano-30 AE sensor made from the PAC, United States of America, with its diameter of 6 mm × 6 mm and a resonance frequency of 300 kHz, was employed to record AE activities. The AE sampling interval was 50 μs, the sampling threshold was set to be 42 dB, and the sampling frequency range was 102∼104 Hz.
RESULTS
Fatigue stress strain descriptions
It can be seen from the specially designed loading path that the samples after different water treatment go through different fatigue loading stages and eventually fail. For each stage, a total of 30 cycles of loading and unloading are carried out in each fatigue loading stage. The samples having different water content fail at the seventh, fifth, third and third stages respectively. Therefore, the number of loading cycles experienced by the samples is also different, and the fatigue life is different. The total number of loading cycles of the typical samples with different water content are 154, 121, 65, 61, and 1, respectively, as shown in Figure 3. It can be seen that with the increase of water content, the number of loading cycles gradually decreases, and the fatigue life decreases accordingly. The results show that water content has obvious effect on the strength, deformation and fracture characteristics of shales, and the interaction between water and shales can change the internal structure of the rock and soften it. Therefore, it is not difficult to explain the test results that fatigue life decreases with the increase of water content. In order to further reveal the influence of water content on rock deformation and damage pattern, the stress-strain curves are also plotted, as shown in Figure 4.
[image: Figure 3]FIGURE 3 | Specific stress path with different dynamic frequency for the tested mud shale samples. (A-D) The water content is 0%, 2.21%, 2.56%, and 4.36%, respectively).
[image: Figure 4]FIGURE 4 | Typical axial, radial and volumetric stress strain curves (A-D) The water content is 0%, 2.21%, 2.56%, and 4.36%, respectively).
As can be seen from the stress-strain curve under cyclic loading, with the increase of testing time, the loading curve and unloading curve no longer overlaps. The curve in the loading stage is above the curve in the unloading stage, and the stress and strain are not synchronized, which is due to the plastic deformation inside the rock sample, resulting in the formation of hysteresis loops. The hysteresis curve varies with loading time. For each fatigue loading stage before failure, the hysteresis curve is sparse and then becomes intensive. The sparse shape of hysteresis curve is due to the large plastic deformation caused by the increase of stress amplitude, and then the formed cracks are gradually closed, and the hysteresis curve becomes dense. In each stage before the failure stage, the hysteresis curve shows a sparse to dense trend. However, the last failure stage of fatigue loading is different from the stage before failure, showing that the hysteretic curve of the sample is very sparse until failure occurs. The morphological characteristics of hysteresis curve in the loading process reflect the changes of the deterioration of meso-structure inside rock, which is closely related to the initiation and propagation behavior of cracks. The testing results also reveal that the fatigue damage of the tested rock is maximum at the beginning of each stage, that is, the moment when the stress amplitude increases.
When the moisture content is 6.25%, the rock strength decreases greatly and the damage occurs after only one cycle of loading and unloading. Figure 5 shows its loading curve, it can be seen from Fgi.5 b that the curve morphology is similar to the failure curve under uniaxial compression. Therefore, its loading path and stress-strain curve are listed separately. When the water content is 6.25%, the rock strength is very low.
[image: Figure 5]FIGURE 5 | The loading path and complete stress strain responses with moisture content of w = 6.25%. (A) The loading path; (B) The axial, radial and volumetric stress strain curves.
In order to further study the influence of water content on its mechanical properties, according to the results of each group of tests, the test results were integrated to obtain the peak stress of shale after different water content treatments. It can be seen that under the same loading conditions, the peak stress after water treatment are 23.9 MPa, 17.3 MPa, 11.85 MPa, 11.1 MPa, 4.5 MPa, respectively. The order of peak stress is σmax (w = 0%) > σmax (w = 2.11%) > σmax (w = 2.56%) > σmax (w = 4.36%) > σmax (w = 6.25%), and the value decreases successively. The peak stress loss rate can be calculated by the peak stress, and the loss rates were 27%, 47.25%, 59.07%, and 81.01%, respectively. As can be seen from Figure 5, the peak stress loss rates of rock samples gradually increased with the increase of water content. When the water content is 6.25%, the peak stress loss rate of rock sample reaches to 80.01%, indicating that water treatment has a significant reduction effect on the mud-shale samples, the water-sensitive property of this rock is strong.
To summarize, the stress-strain curves of different water content are very different, and the peak strength of the rock sample with water content 6.25% is about 19% of that of the rock sample without water treatment. With the increase of water content, mud shale absorbs water and expands easily, and the rock mass structure changes gradually. From the microscopic perspective, the clay-like minerals near the mesenchymal surface of rock, such as chlorite and illite, interact with water, and water molecules enter the pores, resulting in the expansion of clay minerals and resulting in swelling stress. At the same time, in the process of immersion, the wetting angle decreases, and the surface tension of particles in the rock also decreases. The combined effect of several factors reduces the internal bonding force of the rock, showing that the rock softens and decreases its strength on the macro level.
Fatigue deformation analysis
The deformation of rock increases with the increase of loading period, and the increase rate is affected by loading stage and water content. The relationship between the axial, radial and volumetric strains and the testing time is shown by the deformation curve of the rock during the whole test time. As shown in Figure 6, the axial, radial and volumetric strains are small when the number of loading cycles is small. However, after a certain number of loading cycles, the incremental rate of axial, lateral and volumetric strains change obviously until failure. It can be seen that in the several stages before failure, the deformation amount of the fatigue cycle increases steadily in each stage; however, when the applied amplitude changes, that is, when the loading stage changes, the deformation increases substantially.
[image: Figure 6]FIGURE 6 | Deformation evolution characteristics (A-D) Plots of the axial, radial and volumetric strain for rock with water content of 0%, 2.21%, 2.56%, and 4.36%, respectively).
At the last loading stage, the deformation growth rate reaches the maximum, and the specimen deformation becomes large until failure. During the whole process of failure, the rate of change gradually increases. For rock samples with water content of 2.56%, 4.36%, and 6.25%, the volumetric strain in the first cycle at the time of failure increases significantly compared with the sample with water ratio of 0% and 2.11%. The sample having relative high water content results in relatively large volumetric expansion, indicating that water affects the structure of the sample, ot has obvious softening effect on the rock mass, and the plasticity of the sample is enhanced.
The deformation characteristics of the sample can be described more intuitively by drawing the relation curve between deformation and fatigue cycles, as shown in Figure 7. It can be seen that as the number of fatigue cycles increases, the axial and lateral growth rates increase. In the last stage of fatigue loading, the axial and transverse strains increase sharply with the increase of loading cycles. In the loading process, when the loading phase changes, the deformation increases greatly with the sudden increase of stress. The essence of the rapid increase of specimen deformation is that the sudden increase of stress causes great damage to the rock. In the same stage of initial loading, the deformation gradually tends to be stable. This is because the loading stress is small and the amplitude change is small, and the rock is in the adaptation and adjustment stage of cyclic loading. The essence of specimen deformation is the result of stress adjustment of each component inside the material. At the final failure stage, the deformation of the specimen increases sharply.
[image: Figure 7]FIGURE 7 | Depict of maximum axial and radial strain with cyclic number at various cyclic loading stage (A1-A4) Plots of the maximum axial strain against cycle number for rock with water content of 0%, 2.21%, 2.56%, and 4.36%, respectively; (B1-B4) Plots of the maximum radial strain against cycle number for rock with water content of 0%, 2.21%, 2.56%, and 4.36%, respectively).
To better describe the influence of axial deformation (εa) and radial deformation (εr) on the volumetric strain (εv), the volumetric strain (εv) of the sample was calculated according to the formula (εv = εa+2εr). The volumetric strain reflects the combined effect of axial and radial deformation on specimen deformation, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | The aximum volumetric strain versus cyclic number at various cyclic loading stage (A–D): The rock with water content of 0%, 2.21%, 2.56%, and 4.36%, respectively).
As can be seen from the relationship diagram between loading stage and strain in Figure 9, the axial strain of rock approximately changes linearly with the fatigue loading stage. The change rate of axial cumulative strain at each stage of the loading process basically remains unchanged, which is related to the loading conditions of the sample. The changing rate of the radial cumulative strain increases gradually. As can be seen from the volumetric strain, the maximum volumetric strain experienced compression-dominant stage to the expansion-dominant stage before failure. This phenomenon is more significant for the rock samples with water content of 0% and 2.11%.
[image: Figure 9]FIGURE 9 | Plots of the relationship between the maximum axial strain (A), maximum radial strain (B), and the volumetric strain (C) against fatigue loading stage.
AE activity analysis
The stress-strain curves reflect the macroscopic fracture evolution characteristics of rock samples. The acoustic emission activities recorded during the deformation of samples provides effective information for understanding the meso-fracture process of rocks. Figure 10 shows the relationship between the number of AE rings, axial stress and the experimental time. It can be seen from the change of acoustic emission ringing number during the whole loading process that the acoustic emission ringing number increases obviously at the beginning of each fatigue loading stage due to the sudden increase of axial stress. The sudden increase of axial stress leads to crack propagation in the rock sample. In the fatigue loading stage, the acoustic emission ringing number increases rapidly in the first several cyclic loading stages. However, the acoustic emission ringing counts increased faster in the last few loading stages. The occurrence and increase of AE ringing count are caused by the damage of the meso-structure inside the rock sample. The AE ring count gradually increases with the increase of the number of loading cycles. The progressive increase of the AE cumulative ringing count also indicates a sudden increase in AE ringing count at the beginning of each fatigue loading stage. As can be seen from the curve of AE cumulative ringing count, its value is increasing, indicating that the cumulative damage, crack initiation, propagation and coalescence behaviors of rock samples.
[image: Figure 10]FIGURE 10 | The AE ring count and AE accumulative ring count distribution versus experimental time. (A-D) The tested rock samples with water content of 0%, 2.21%, 2.56%, and 4.36%, respectively).
By comparing the AE ringing count curves for samples with different water ratio, it can be found that the cumulative acoustic emission ringing count decreases with the increase of water ratio. Especially for the sample having a water ratio of 4.36%, the ringing count is significantly reduced compared with the samples having other water content. At the first few stages before the sample failure, the AE ringing count activities present sporadic distribution, and the value is very small, and the AE phenomenon is very weak.
In order to further reveal the influence of water content on AE output, the relationships between the energy/cumulative energy count, and fatigue loading stage are plotted in Figure 11. For the AE non-destructive testing, the energy of AE signal is a parameter related to the amplitude and amplitude distribution of the signal. It is defined from the signal waveform, rather than the actual physical energy released by the AE source. However, AE energy is still of great significance for measuring and evaluating the fracture and damage degree of materials. It can be seen from the curves that at the beginning of each loading stage, the energy count has a sudden increase, and the cumulative energy count jumps up in each stage, showing obvious energy growth. This is due to the sudden increase of stress at the following fatigue loading stage, the occurrence structural failures, and the release of a large number of stress waves, leading to the rapid growth of the AE energy accumulation curve. Throughout the whole failure process, the AE energy count increases with the increase of loading stage. The cumulative AE energy counts changed in two stages, first increasing stably and then increasing rapidly. The stable stage is the steady damage of the internal structure and the gradual expansion of cracks, while the sudden increase stage is the process of the final crack penetration. In addition, through comparing the different curves, the energy release is larger for a sample having low water content than those having high water content.
[image: Figure 11]FIGURE 11 | Plots of the AE energy and accumulative energy distribution against experimental time. (A-D) The tested rock samples with water content of 0%, 2.21%, 2.56%, and 4.36%, respectively).
DISCUSSIONS
The damage and failure mechanism of soft rock has been studied by many scholars, and it is widely believed that there are a large number of defects in soft rock, such as joints, cracks and pores, which affect the propagation path and related failure modes (Jiang et al., 2016; Liu et al., 2018; Bai et al., 2022a). At present, plenty of studies have been performed on soft rock, and the mechanical properties, energy loss, and deformation characteristics of soft rock under cyclic loading have attracted extensive attention. However, almost all of the research is about the natural dry conditions. It should be noted that the engineering soft rocks are frequently encountered with precipitation and groundwater seepage, especially is affected by seasonal changes. Its strength and other mechanical properties can change significantly, which impacts the stability of open pit slope. In this work, we consider the actual engineering state of mud-shale, rock samples with different water contents were produced. Cyclic loading and unloading tests were carried out on mud shale under different water ratio. Through the analysis of stress-strain and acoustic emission data, the evolution law of deformation and failure of mud shale under different water ratio was revealed. The effect of water content on damage mechanics and acoustic emission characteristics of shale is deeply explored.
In this study, it is found that water will cause the changes in the internal structure of mud-shale, which has a softening effect on it. With the increase of water content, the mass loss rate shows the characteristics of gentle at first and then rising sharply. In addition, different from previous studies, the cyclic mechanical properties of soft rock are discussed in more detail in this study. It is found that rock strength loss rate decreases gradually with the gradual increase of water content. The axial, radial and volumetric deformation show different trends. According to the volumetric strain, the sample will undergo dilatation before failure. In addition, the samples with low water content produced more ringing/energy counts than those with relatively high water content. It should be noted that soft rock has obvious rheological characteristics, and its creep deformation will seriously affect the stability of slope. In the further studies, deep investigations should be carried out to study creep and damage characteristics of mud shale and establish damage constitutive model. In addition, the influence of complicated fatigue loading paths, e.g., frequency, amplitude, waveform type, on the damage and instability of mud-shale need to be clariid in the next studies.
CONCLUSION
In this work, macroscopic mechanical tests combined with acoustic emission monitoring was performed on mud shale to reveal the influence of water content on the stress strain responses, deformation, and AE activities. Based on the above analysis, some key conclusions can be drawn as below:
1) With the gradual increase of water content, the number of loading cycles gradually decreases and the fatigue life decreases, indicating that the water ratio has an impact on the strength, deformation and fracture characteristics of shale.
2) The morphology of hysteresis curve changes with loading time. The hysteresis curve is sparse and becomes intensive in each fatigue loading stage before failure, while it is sparse in the final failure stage. At the same loading frequency, the axial strain changes approximately linearly with the fatigue loading stage, while the radial cumulative strain increases gradually. The maximum volume strain first increases steadily, then decreases steadily, and finally decreases sharply to a negative value. Accordingly, the failure process of the sample can be divided into three stages: initial stage, stable development stage and acceleration stage.
3) With the increase of water ratio, the cumulative AE ringing count and AE energy increase accordingly. In the first few stages before failure, the ringing count of AE presents sporadic distribution, and the value is very small, and the AE phenomenon is very weak. However, in the last several stages, the AE ringing count is more active. There is a good correspondence between the whole process of AE energy and ringing count. Especially, the change of AE energy is consistent with ring count, indicating that ringing count and energy are basically proportional to each other in an AE signal event.
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