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Abstract

:

Studying how soft rocks behave dynamically in water-rich settings is vital for ensuring sustainable coal extraction from deep water-saturated soft rock mines. A dynamic disturbance loading system utilizing creep-impact dynamics was employed to analyze the mechanical traits and acoustic emission behaviors of both dry and fully saturated soft rock. Expanding on uniaxial compression tests as a foundational framework, additional experiments involving dynamic disturbances and acoustic emission observations were carried out on the aforementioned soft rock samples. These experiments encompassed a spectrum of cyclic disturbance amplitudes ranging from 2 kN to 10 kN. Experimental results indicated the following: (1) during dynamic disturbance, the hysteresis loop exhibits a “sparse to dense” variation. When subjected to the same number of disturbances, the hysteresis loop takes on a pointed leaf-like shape, which increases with the amplitude of the disturbances. (2) The pinnacle of intensity and the elastic modulus of the samples, when exposed to diverse amplitudes of disturbances, can be categorized into a strengthening phase and weakening phase. The reinforcement effect is highest for both samples under the effect of a perturbation of 4 amplitudes. (3) Under the action of disturbances at various amplitudes, the acoustic emission signals from the samples can be classified into four stages. In all stages, the maximum acoustic emission signals exhibited by the desiccated samples surpass those emanated from the saturated samples. In the fluctuation period (II), dry and saturated samples exhibit a cyclic strengthening effect, which becomes more pronounced as the amplitude increases. The study results offer theoretical support for understanding deformation and instability mechanisms in roadways of deep water-saturated soft rock mines, which is essential for ensuring sustainable coal resource development.
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1. Introduction


The extraction of coal resources is intricately linked to the principles of sustainable development, serving to meet the ever-expanding energy requisites of our nation. However, With the progressive exhaustion of shallow coal reserves, the focus of coal mining gradually transitions towards comparatively profound regions [1,2,3]. In complex geological conditions, the strata encompassing deep water-saturated soft rock mine workings is often subjected to the influence of fatigue loads from excavation, blasting, mining, and mine tremors, severely affecting the mechanical stability of the mine surrounding rock. With the extraction of coal resources, the stress condition of the superjacent strata pertaining to the coal seam roof dynamically readjusts, engendering the transference of water resources and inducing water–rock interactions that deteriorate the mechanical characteristics of the rocks [4,5,6]. This condition seriously affects the sustainability of the mine’s exploitation and hinders the sustainability of development.



Currently, in the research on the dynamic response in rocks, impact tests have been conducted on rocks of different lithologies [7,8,9,10,11]. Özbek et al. [12] and Khanlari et al. [13] conducted an investigation into the mechanical properties of rock specimens subjected to alternating dry and wet conditions. Ren et al. [14] and Zhang et al. [15] established that sandstone mechanical characteristics and rockburst propensity diminish with an increasing temperature. Wang et al. [16] examined the acoustic emission attributes of sandstone during impact-induced rock burst at various perturbation frequencies. Under actual triaxial unloading–dynamic disturbance conditions, Feng et al. [17] found that the extent of crack propagation in red sandstone was closely related to the initial axial static stress and the frequency of dynamic disturbances, considering different moisture conditions of the sandstone. Yang et al. [18] scrutinized the behavior of water-saturated sandstone under cyclic loading and deduced that with an escalating water content, there was a corresponding reduction in the axial deformation of the rock specimen. Literature [19,20,21,22] has delved into the progressive deterioration mechanism of rocks subjected to cyclic loading, considering diverse viewpoints.



In the research on water-rich soft rock, Sun et al. [23,24] conducted experiments on the mechanical properties of sandstone with varying water contents. They observed that as the water content increased, the damage pattern of the samples gradually transitioned from single-bevel shear damage to “X”-shaped conjugate shear-bevel damage. Additionally, they analyzed the deformation characteristics of the deep soft-rock roadway through numerical simulation and proposed corresponding reinforcement measures. Erguler et al. [25] found that the strength index of clayey soft rock decreased by over 90% in saturated conditions compared with when it was dry. Roy et al. [26] investigated the impact of varying saturation durations on the mechanical properties of sandstone, and their findings revealed that the tensile strength, Young’s modulus, and fracture stiffness of the sandstone exhibited a decline as the water content increased. Researchers, including Yu et al. [27] and Tang et al. [28], conducted uniaxial compression creep tests on red sandstone samples, systematically adjusting the water content levels. They found that the instantaneous strain and steady-state strain rate exhibited an exponential increase with a rise in the water content. Wang et al. [29] revealed the phenomenon, and nature and the factors contributing to substantial deformation in deep soft rock roadways were investigated, leading to the proposition of appropriate measures for supporting the infrastructure. Dong et al. [30] conducted a comprehensive examination into the mechanical characteristics and causative factors of damage in expanding soft rock roadways. Liu et al. [31] and Liu et al. [32] used CT scanning technology to study the damage information and damage process of sandstone under pressure.



In brief, ongoing studies concerning the Sdynamic reaction of rocks predominantly center around the impairment progression of rocks with varying rock types exposed to distinct frequencies of perturbation, as well as varying temperatures and moisture levels. These analyses delve into the attributes of rockburst phenomena. The research on water-rich soft rock mainly focuses on the nonlinear large deformation characteristics of water-rich soft rock, and the research under the action of the perturbation amplitude needs to be deepened. Therefore, this study considers the Inner Mongolia Xinshanghai No. 1 Mine as the research object and builds upon the experiments of water content testing and uniaxial compression on soft rock samples. The mechanical properties of dry and saturated soft rock under the influence of different disturbance amplitudes are further investigated through dynamic disturbance experiments. The research findings provide significant theoretical assistance in exploring the deformation and instability mechanisms of underground mine roadways located in water-rich soft rock formations, thereby facilitating the sustainable extraction of coal resources. This contributes to the overall sustainability of coal resource development to a significant extent.




2. Experimental Program and Conditions


2.1. Sample Preparation


In this experiment, mudstone from the Xinshanghai No. 1 Coal Mine was selected as the research target. Following the guidelines of the International Society for Rock Mechanics (ISRM), cylindrical rock specimens of standard dimensions, measuring 50 mm in diameter and 100 mm in height, were fabricated. The rock specimens were free of visible defects on their surfaces. To minimize the end effects of the sandstone in this experiment, efforts were made to ensure that the end surfaces of the specimens had a roughness and non-perpendicularity to the axis within the range of ±0.02 mm.



The samples were partitioned into two groups: the dry group and the saturated group, with a total of 36 samples (18 in each group). Within each group, three samples were used for uniaxial compression tests, and 15 samples were used for dynamic disturbance experiments. All samples were subjected to thermal desiccation within a controlled-temperature chamber. The desiccation temperature was established at 110 °C, while the desiccation duration was set at 24 h. After the drying process, the samples were allowed to cool naturally in a constant-temperature oven to obtain the dry-state samples. For the saturated group, the dry samples were subjected to water saturation using the natural soaking method. Periodically, the rock samples were removed, surface moisture was wiped off, and their mass was measured to calculate the water content.



Figure 1 depicts the water content fluctuation profile of rock specimens in response to the duration of immersion. The graph shows that the trend in the water content with the soaking time can be divided into three stages: Stage I, rapid increase stage; Stage II, slow increase stage; Stage III, stable stage. Following a 24-hour interval, the water content of the samples remained unaltered for a continuous duration of 12 h. Therefore, the rock samples had reached a saturated state, with an average saturation water content of 8.148%. The prepared samples were wrapped in plastic film, placed in sealed bags, and stored in cans to ensure that their moisture state remained unchanged.




2.2. Experimental Equipment


The testing system for this experiment consisted of a creep-dynamic disturbance loading system and acoustic emission data-acquisition system. As shown in Figure 2, the red dashed box in the figure indicates that the specimen in the box and the acoustic emission probe as a whole are placed in the experimental machine for loading, the operational mechanism of this system can be elucidated as follows: the servo motor drives the hydraulic pump to inject hydraulic oil into the accumulator. The dynamic servo valve with a high-frequency response is used to control the hydraulic oil entering the double-piston rod structure in the power chamber, achieving axial motion. This process applies axial loads to the sample through the actuator. At the same time, the data-acquisition system retrieves instantaneous feedback data from the experiment and automatically archives it in the designated pathway. The acoustic emission equipment used is the Sensor Highway II acoustic emission device from the Physical Acoustic Corporation (PAC) in the United States. It can acquire acoustic emission characteristic parameters and waveform data. To investigate the acoustic emission properties of dry and saturated samples under the influence of varying disturbance amplitudes, a two-probe dual-channel setup was used, with the probes fixed to the diagonally opposite corners of the sample. A layer of Vaseline was uniformly applied as a coupling agent between the acoustic emission sensor and the detecting surface of the specimen to ensure sufficient coupling between the sensor and the sample contact surface. In order to mitigate the impact of noise on the experimental data, the threshold value of the acoustic emission system was established at 43 dB, the pre-amplifier gain was calibrated to 40-fold amplification, the sampling frequency of the acoustic emission sensor R15α was configured to 1 MHz, with a resonance frequency of 150 KHz and a response frequency range of 50 to 200 KHz, and the length of the acoustic emission signal was specified as 1024.




2.3. Experimental Program


In this experiment, a cyclic loading method was used to simulate the effect of dynamic disturbance loads on deep soft rock under certain static conditions. The specific loading procedure was as follows: a certain axial static load σm was applied to the specimen at a loading rate of 0.1 mm/min. Then, using σm as the mean value for cyclic loading, a fixed-frequency axial cyclic disturbance load was applied to the specimen. If the specimen could complete the preset number of cycles, then static axial loads were continuously applied until the specimen failed. The cyclic loading procedure is depicted in Figure 3, where σmax denotes the upper threshold of cyclic perturbation, σmin represents the lower threshold of cyclic perturbation, and Δσ signifies the amplitude of cyclic loading. For this experiment, a sine wave was selected as the disturbance waveform, with a disturbance frequency of 5 Hz and 1000 cycles of disturbance.



To obtain a reasonable cyclic loading average value σm, uniaxial compression experiments were carried out on both samples. The experiments were conducted using closed-loop constant displacement control with a loading speed of 0.1 mm/min. The static mechanical characteristics of the two sample types are presented in Table 1. Based on the static mechanical parameters of the samples, the cyclic loading average value σm was 50% of the uniaxial compressive strength for each state, and the cyclic disturbance amplitude Δσ was set to 2, 4, 6, 8, and 10 kN. The specific cyclic disturbance schemes are shown in Table 2.





3. Analysis of Experimental Results


3.1. Stress–Strain Relationships


According to the disturbance experiment scheme in Table 2, the mechanical parameters obtained from the samples are displayed in Table 3. Figure 4 illustrates the stress–strain curves of water-rich soft rock under the influence of different disturbance amplitudes. The plotted graph illustrates that the comprehensive stress–strain profiles of both the dry and saturated specimens can be categorized into four distinct stages: (i,iii) static loading stage, (ii) scrambling stage, and (iv) post-peak stage. In the early loading stages of each amplitude sample the stress–strain curve shows an upward concave shape due to the recompaction of existing small pores and cracks. The elastic deformation phase of the dry specimens exhibits a notably greater magnitude compared to that of the saturated samples because water dissolves some cementing materials between the particles due to saturation. Moreover, the dissolution and erosion of water lead to the occurrence of micropores and microcracks inside the rock, causing the internal structure to become relatively loose. As a result, the linear elastic stage is reduced. After the peak, the stress of dry samples shows a rapid drop with a brittle behavior, whereas the stress–strain curves of the saturated samples show a slow decline with a softening behavior, exhibiting plastic characteristics. Comparing the stress–strain curves of dry and saturated-state samples, the post-peak curve trends of each amplitude sample under the same state are the same, indicating that the brittleness and plasticity of the samples are not related to the size of the disturbance amplitude but are related to whether the samples are saturated or dry.



During the dynamic disturbance process, as the quantity of disturbance cycles increases, the stress–strain curve of the sample exhibits hysteresis loops resembling sharp-pointed leaves. The magnitude of energy dissipation during the cyclic disturbance process is depicted by the area enclosed within the hysteresis loop. Figure 4 also shows that the hysteresis loops of the dry and saturated samples at various amplitudes show a pattern of “sparse to dense”. This due to the significant residual strain in the initial stage of the cyclic disturbance, and some energy is dissipated. Subsequently, the energy dissipation reaches a certain level and remains relatively constant, and with an increase in the number of cycles, the hysteresis loops become relatively dense. Figure 5 shows the hysteresis loops of dry and saturated-state samples at different amplitudes during the 200th cycle. The area enclosed by the hysteresis loop curve is calculated through mathematical integration, and S denotes the size of the area. The graph shows that under the same state, the extent of the hysteresis loop’s area experiences an increment, with the augmentation of the disturbance amplitude. This finding indicates that the dissipation of energy during the cyclic disturbance process increases with the amplitude, and the “sharp-pointed leaf” shape becomes more pronounced. In addition, for the same disturbance amplitude, the magnitude of the hysteresis loop’s area in saturated samples is notably greater compared to that of dry-state samples, because dry samples undergo enhanced particle brittleness after drying, and some cementing materials between particles lose water and become harder. This condition leads to the persistent consolidation and sealing of internal primary cracks, during the cyclic disturbance process, which restores the bearing capacity to some extent and results in relatively less internal energy dissipation. Moreover, saturated samples have their internal primary cracks filled with water, and the dissolution of some cementing materials forms microwater chambers. During the cyclic disturbance process, the static water pressure inside these chambers constantly changes and increases, causing the expansion of microcracks within the sample and leading to an overall softer and less stable state, resulting in relatively greater energy dissipation.




3.2. Change Rule of Mechanical Characteristics


Figure 6 displays the peak strength of various soft rocks with different water content levels under the influence of varying disturbance amplitudes. The observed graphical representation demonstrates that with the escalation of the disturbance amplitude, the peak strength of soft rocks at different humidity levels exhibits an initial augmentation followed by a subsequent attenuation, eventually culminating in an inflection point at the fourth amplitude. For dry samples, the peak strength increased by 0.68% and 2.68% at the second and fourth amplitudes, respectively, and decreased by 1.59%, 5.17%, and 7.44% from the sixth to eighth amplitudes, considering the uniaxial compressive strength of 33.86 MPa as the baseline. For saturated samples, when the baseline was 12.60 MPa, the peak strength increased by 8.09%, 20.32%, and 10.48% at the second, fourth, and sixth amplitudes and decreased by 3.49% and 5.56% from the eighth to 10th amplitudes. Figure 7 shows the elastic modulus of soft rocks with different water contents under the influence of different disturbance amplitudes. The Young’s modulus demonstrates a comparable trend to the compressive strength, displaying a distinct inflection point at the fourth amplitude. For dry samples, the elastic modulus increased by 9.18%, 15.46%, 7.97%, and 2.42% at the second to eighth amplitudes and decreased by 4.11% at the 10th amplitude, considering the uniaxial compressive elastic modulus of 4.14 GPa as the baseline. For saturated samples, when the baseline was 2.31 GPa, the elastic modulus increased by 16.45%, 20.35%, and 16.02% at the second, fourth, and sixth amplitudes and decreased by 7.79% and 25.11% from the eighth to 10th amplitudes. This finding is due to the partially re-compacted internal primary cracks of the sample under the influence of smaller amplitudes, as well as their resistance to deformation increasing. Moreover, due to the relatively small amplitude during the disturbance period, the stress at the top of the sharp-pointed leaf hysteresis loop cannot sufficiently cause the development of new cracks inside the sample, thereby increasing the peak stress and Young’s modulus. However, with the increase in the disturbance amplitude, the stress at the top of the sharp-pointed leaf hysteresis loop is sufficient to continuously develop new tiny cracks inside the sample, creating new weak links and reducing the overall compressive strength and elastic modulus. The information in the graph indicates that the variation range of the compressive strength and Young’s modulus for the saturated samples is greater than that of dry-state samples. In the fully saturated state, the internal moisture of the sample mainly exists as free water, filling the microcracks inside the sample. Under the influence of the applied disruptive load, the dynamic fluctuations in pore water pressure within the micropores expedite the progression and enlargement of internal cracks within the sample. As a consequence, there is a notable reduction observed in both the compressive strength and Young’s modulus.



The peak strength and Young’s modulus of dry and saturated samples exhibit an inflection point at the fourth amplitude. Therefore, under the influence of a disturbance amplitude of 4, the enhancement of the sample elastic modulus and compressive capacity reaches its maximum. For dry samples, the compressive strength shows an enhancement effect from the second to the fourth amplitude, but a weakening effect from the sixth amplitude and above. The elastic modulus exhibits an enhancement effect from the second to the eighth amplitude and a weakening effect from the 10th amplitude and above. For saturated samples, the compressive strength shows an enhancement effect from the second to the sixth amplitude, but a weakening effect from the eighth amplitude and above. The elastic modulus exhibits an enhancement effect from the second to the sixth amplitude and a weakening effect from the eighth amplitude and above. The weakening effect observed in saturated samples at the eighth amplitude can be attributed to the presence of internal microwater cavities. In light of the perturbation amplitude, the pore water pressure inside the microcavities undergoes significant changes. As the disturbance amplitude increases, the pore water pressure fluctuation also increases, leading to the instability and rupture of the microcavities. This condition causes the saturated samples to enter the weakening stage at the eighth amplitude. In summary, the influence of the disturbance amplitude on the mechanical properties of soft rocks is considerable in magnitude, and an optimal range for the disturbance amplitude is observed to achieve maximum enhancement of the sample’s compressive strength and elastic modulus. However, once the disturbance amplitude exceeds a certain threshold, the mechanical properties of the samples begin to weaken, especially in the case of saturated samples with microwater cavities.




3.3. Acoustic Emission Characterization


Figure 8 presents the acoustic emission energy, ringing count (the number of oscillations exceeding the threshold value), and cumulative count for dry and saturated-state samples under the influence of different disturbance amplitudes. Panels (a) to (e) correspond to the experimental results of dry samples with disturbance amplitudes ranging from 2 to 10, whereas panels (f) to (j) correspond to saturated samples. Throughout the experiment, the acoustic emission system and loading system were synchronized. The graphical representations illustrate that the evolutionary characteristics of acoustic emission in both dry and saturated samples can be categorized into four distinct periods: quiet period (I), fluctuation period (II), increasing period (III), and bursting period (IV). During each stage, we can find that the trend in the peak frequency of the dry and saturated samples is basically the same as that of the acoustic emission energy and counts. Under the action of the same perturbation amplitude, in the quiet period, the peak frequency signal of the dry sample is “dense and large” compared with that of the saturated sample, and the peak frequency of the two samples in the fluctuation period first increases, then decreases, and then tends to stabilize. In the incremental period, the peak frequency signal of the dry sample is more active than that of the saturated sample, and in the rapid increase period, the peak frequency is larger than that of the saturated sample.



In the quiet period, the acoustic emission signal generated by the sample is generally low because of the sample undergoing the drying of the internal particles associated with water loss and hardening. This phenomenon can also be attributed to the interplay of frictional forces between rock particles and the irregularities present on the weakly bonded fracture surfaces during the primary stages of microcracking and pore compaction. The process generated a part of the acoustic emission signal of low energy, and water-saturated samples loaded at the initial stage of the sample by the stress are small. In the early stage of loading, the stress on the sample was low, and the presence of pore water in the sample hindered the propagation of the acoustic emission signals. Moreover, the water had a certain lubrication effect, which further reduced the friction and resistance between the particles. As a result, the amplitude of some acoustic emission signals is lower than the preset acoustic emission threshold, which was considered noise signals and filtered out.



During the fluctuation period, the transient changes in stress in the sample caused by the sudden change in loading resulted in the rapid expansion or interconnection of a portion of the uncompacted cracks in the sample, leading to a sudden increase in the acoustic emission energy signal, ringing counts, and peak frequency. With the continued application of the perturbation load, the sample began to adapt to the applied perturbation load, the mechanical response stabilized, and the acoustic emission energy, ringing counts, and peak frequency gradually decreased. With the passage of time, the sample entered a dynamic steady state, the microcrack expansion and energy release in the sample reached equilibrium, and the acoustic emission energy and ringing counts tended to stabilize. A positive correlation existed between the peak acoustic emission signal and the perturbation amplitude of the two samples during the perturbation stage, in which the “signal surge” phenomenon occurred in the water-saturated sample during the perturbation process. Moreover, the larger perturbation amplitude indicates a more frequent phenomenon, which is due to the large number of water-containing microporous spaces inside the water-saturated sample. As a result, the perturbation process became more frequent because the water-saturated sample has a large number of water-containing microporous spaces. The perturbation load was applied to constantly change the internal pore water pressure, part of the microporous space lost the carrying capacity of the rupture, and the perturbation amplitude of the sample was caused by the increased amplitude of the change in the water pressure of the microporous space. As a result, the rupture phenomenon occurred more frequently. The process generated acoustic emission signals that could be monitored, leading to the “signal surge” phenomenon.



During the incremental period, the acoustic emission energy, ringing counts, and peak frequency of the samples in each state exhibited a gradual augmentation as the experimental time progressed. The stress–strain curve displayed a concave upward shape, signifying the expansion and interconnection of primary cracks within the experimental samples, while secondary cracks initiated, progressed, and extended. The crack propagation rate in the water-saturated sample surpassed that observed in the dry sample, owing to the presence of unbound water within the former. Moreover, the larger perturbation amplitude indicates a more active acoustic emission signal.



During the rapid-increase period, under the action of axial load, the macroscopic cracks connected and expanded until they penetrated through the entire sample. In this period, the AE ringing counts, energy, and peak frequency signals were the most intense, the dry sample reached the load-bearing capacity, the stress decreased rapidly, the acoustic emission energy, counts, and peak frequency increased to the peak rapidly, and almost no large signal was found after the peak. Moreover, the sample exhibited brittleness. When the saturated samples reached the load-bearing capacity, the stress decreased slowly, the acoustic emission energy and counts reached the peak, a large acoustic emission signal was observed after the peak, and the sample exhibited plasticity. The peak energy at the point of failure for the dry sample significantly exceeded that of the water-saturated sample, as the presence of water undermined the mechanical integrity of the rock, diminishing its deformation resistance and impeding the accumulation of substantial elastic energy. After experiencing dynamic perturbation and continuous axial static loading, part of the energy was used for primary fracture expansion and the development of secondary cracks, leading to smaller acoustic emission energies detected at the time of destruction. The dry-state sample was hardened by the loss of water from the particles, the smaller amplitude of the perturbation made the sample recompacted internally, the load-carrying capacity and resistance to deformation were restored to a certain extent, the energy released during the destruction was relatively large, and the number of ringing counts was relatively high.



The acquired continuous AE signals in this experimental study were subjected to a transformation from the time domain to the frequency domain using the Fast Fourier Transform (FFT) technique, enabling a further analysis of the AE characteristics exhibited by the samples throughout the experiment. Moreover, a waveform file was formed every 1024 lines, and a 3D spectrum was plotted using Matlab. The sample at the time of damage was selected as the key point N of this experiment, and the height of the peak in the plot represents the size of the main frequency eigenvalue of the acoustic emission, corresponding to the damage degree of the sample. Figure 9 shows the 3D plots of the main frequency characteristics of dry and watery soft rock due to the dynamic perturbation under the influence of different perturbation amplitudes, where (a) to (e) corresponds to the experimental results of the dry samples from 2 amplitude to 10 amplitude, and (f) to (j) corresponds to the watery samples. The analysis leads to the following characteristics of the sample acoustic emission:




	
The main frequency eigenvalue of the dry sample decreased gradually with the increase in the perturbation amplitude, and the main frequency range of key point N was between 140 and 172 KHz, with the maximum of 172 KHz at 2 amplitude and the minimum of 140 KHz at an amplitude of 10. The main frequency eigenvalue of the saturated sample changed the rule of law with the dry sample, and the main frequency range of key point N was between 50 and 89 KHz, with the maximum of 89 KHz at 2 amplitude and the minimum of 50 KHz at an amplitude of 10. The smallest amplitude was 50 KHz.



	
The eigenvalues corresponding to the primary frequencies of the dry samples surpassed those of the water-saturated samples.



	
An inverse relationship was found between the degree of destruction of the sample and the eigenvalue of the dominant frequency. When the degree of destruction was intense, the eigenvalue of the dominant frequency was small.









3.4. Macro Damage Characteristics


Figure 10 shows the macroscopic damage characteristics of the dry and saturated states subjected to different perturbation amplitudes, where images (a) to (e) correspond to the experimental results of the dry samples from 2 amplitudes to 10 amplitudes, respectively, and images (f) to (j) correspond to the saturated samples. The figure shows the following:




	(1)

	
Under the perturbation with an amplitude value of 2, the dry sample experienced the formation of multiple tensile cracks originating from the bottom and propagating towards the middle, leading to destabilization damage of the specimen; the overall performance of tensile damage; the sample from the end face of the development of the main crack and the formation of a shear angle of approximately 65° in the surface of the sample in the 4 amplitude value to 8 amplitude value of the perturbation; the experimental samples damage mode for the laminar surface of the shear slippage along the axial cleavage composite damage in the main cracks around the development of a number of micro-cracks; at 10 amplitude, the tensile cracks developed from the upper end face extending to the middle of the specimen; the right half of the sample had the tendency of peeling off, the macro-cracks increased significantly, and the experimental samples as a whole showed tensile damage.




	(2)

	
In water-saturated samples with an amplitude value of 2, damage cracks from the top of the specimen down formed a shear surface, with the increase in stress gradually through the weak surface, and linear single oblique shear damage was formed. With amplitude values of 4 and 6, the conjugate shear damage and cracks in general showed “X”-type damage, and the degree of destruction deepened. At 8 and 10 magnitudes, the damage mode was tensile damage. The crack extension form was significantly affected by the perturbation load, tendency of peeling off on the surface of the samples existed, and the damage degree was further deepened.











4. Discussion


In this study, the behavior of muddy sandstones under the action of dynamic perturbations of different amplitudes was thoroughly investigated. The saturated water content was determined to provide an important basis for understanding the moisture state of the sandstones. The “dilute to dense” hysteresis loop curves observed during the dynamic perturbations highlight the intricacies of the mechanical response of the samples. The apparent response of the sample peak strength and Young’s modulus to different perturbation amplitudes reveals a complex pattern of strengthening and weakening phases, reflecting the subtle interplay between dynamic stresses and material properties. Notably, both dry and water-saturated samples show sensitivity to the perturbation amplitude, with moisture content having a significant effect on the growth of mechanical properties. The division of the acoustic emission (AE) signal into different phases reveals the dynamic response of the argillaceous sandstone. The effect of moisture on the intensity of the AE signal is evident, especially in each phase where the AE signal from the dry sample dominates. The cyclic intensification effect observed during fluctuations highlights the dynamic interplay between stress accumulation and release mechanisms. The evolving damage patterns at different perturbation amplitudes provide insight into the damage mechanisms of the material. The dry samples transition from tensile to composite damage, whereas the water-saturated samples evolve from monoclinic shear to “X”-type conjugate shear and finally to tensile damage. This highlights the role of water content in altering the damage mode and the underlying mechanisms involved.



However, there are limitations and deficiencies in this experimental assignment, which are reflected in (1) the diversity of samples, as only rocks in dry and saturated states were studied in this experiment and there were surrounding rocks with different water content gradients in the actual engineering; (2) the complexity of the disturbance, as the dynamic disturbance process is not only related to the disturbance amplitude but also related to the waveform, frequency, number of disturbances, and other factors, with this experiment only considering the disturbance amplitude factor; and (3) the lack of long-term behavior, as this experiment only captured the mechanical behavior of the samples under the action of short-term perturbations and was unable to fully understand the changes and deterioration trends of the samples subjected to long-term perturbations. These limitations need to be considered and addressed in future studies to obtain more comprehensive and accurate results.




5. Conclusions


	(1)

	
The muddy sandstone has a saturation water content of 8.148%. In the dynamic perturbation process, the area of the pointed leaf-shaped hysteresis loop is positively linked to the frequency of perturbations. Additionally, this area increases with the perturbation amplitude. Under the same amplitude conditions, the hysteresis loop area of saturated water samples is greater than that of the dry samples.




	(2)

	
The peak strength and modulus of elasticity of the samples are nonlinearly related to the amplitude of the perturbation. At 4 amplitude, the strengthening of both samples reaches the maximum, and the water-saturated samples are more sensitive to the effect of the amplitude, and the mechanical characteristic parameters increase or decrease drastically.




	(3)

	
The acoustic emission signals of the samples can be divided into four stages according to the characteristics of signal growth. The peak values of the acoustic emission signals of the dry samples are larger than those of the water-saturated samples, and there is a cyclic intensification effect in the fluctuation period (II), which is more obvious as the amplitude increases. The main frequency eigenvalues of the acoustic emission are larger than those of the water-saturated samples when the dry samples are damaged, but the damage degree is reduced.




	(4)

	
The damage mode of dry samples varies with amplitude from tensile damage, to tensile–shear composite damage, and finally to tensile damage. The water-saturated samples vary from single-bevel shear damage, to “X”-type conjugate shear damage, and finally to tensile damage.
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Figure 1. Water content curve over time. 
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Figure 2. Schematic diagram of the creep dynamic disturbance impact loading system. 
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Figure 3. Schematic diagram of the loading process of the cyclic disturbance load. 
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Figure 4. Stress–strain curves. (a) Dryness; (b) saturation. 
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Figure 5. Hysteresis loop curves. (a) Dryness; (b) saturation. 
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Figure 6. Compressive strength of dry and water-saturated samples. (a) Dryness; (b) saturation. 
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Figure 7. Young’s modulus of dry and water-saturated samples. (a) Dryness; (b) saturation. 
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Figure 8. Acoustic emission characteristic parameters and stress–strain relationships. (a) Dry 2 amplitude; (b) dry 4 amplitude; (c) dry 6 amplitude; (d) dry 8 amplitude; (e) dry 10 amplitude; (f) saturation 2 amplitude; (g) saturation 4 amplitude; (h) saturation 6 amplitude; (i) saturation 8 amplitude; (j) saturation 10 amplitude. 
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Figure 9. Three-dimensional mapping of the eigenvalues of the main frequency. (a) Dry 2 amplitude; (b) dry 4 amplitude; (c) dry 6 amplitude; (d) dry 8 amplitude; (e) dry 10 amplitude; (f) saturation 2 amplitude; (g) saturation 4 amplitude; (h) saturation 6 amplitude; (i) saturation 8 amplitude; (j) saturation 10 amplitude. 
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Figure 10. Sample macroscopic damage characteristics. (a) Dry 2 amplitude; (b) dry 4 amplitude; (c) dry 6 amplitude; (d) dry 8 amplitude; (e) dry 10 amplitude; (f) saturation 2 amplitude; (g) saturation 4 amplitude; (h) saturation 6 amplitude; (i) saturation 8 amplitude; (j) saturation 10 amplitude. 
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Table 1. Experimental data on the basic mechanical parameters of muddy sandstone samples.
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	State of Rock Sample
	No. of Samples
	Average Water Content (%)
	Average Compressive Strength (MPa)
	Average Modulus of Elasticity (GPa)





	Dryness
	3
	0.000
	33.86
	4.14



	Saturation
	3
	8.148
	12.60
	2.31










 





Table 2. Experimental program for the dynamic perturbation of muddy sandstone samples.
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	State of Rock Sample
	Sample Group
	No. of Samples
	Average Water Content (%)
	σm (MPa)
	Disturbance Frequency (Hz)
	Amplitude (kN)





	Dryness
	DS-2
	3
	0.000
	16.93
	5
	2



	Dryness
	DS-4
	3
	0.000
	16.93
	5
	4



	Dryness
	DS-6
	3
	0.000
	16.93
	5
	6



	Dryness
	DS-8
	3
	0.000
	16.93
	5
	8



	Dryness
	DS-10
	3
	0.000
	16.93
	5
	10



	Saturation
	SS-2
	3
	8.148
	6.30
	5
	2



	Saturation
	SS-4
	3
	8.148
	6.30
	5
	4



	Saturation
	SS-6
	3
	8.148
	6.30
	5
	6



	Saturation
	SS-8
	3
	8.148
	6.30
	5
	8



	Saturation
	SS-10
	3
	8.148
	6.30
	5
	10










 





Table 3. Mechanical parameters of the samples under different amplitude effects.
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	State of Rock Sample
	Sample Group
	No. of Samples
	Average Water Content (%)
	Average Compressive Strength (MPa)
	Average Modulus of Elasticity (GPa)





	Dryness
	DS-2
	3
	0.000
	34.09
	4.52



	Dryness
	DS-4
	3
	0.000
	34.75
	4.78



	Dryness
	DS-6
	3
	0.000
	33.32
	4.47



	Dryness
	DS-8
	3
	0.000
	32.11
	4.24



	Dryness
	DS-10
	3
	0.000
	31.34
	3.97



	Saturation
	SS-2
	3
	8.148
	13.62
	2.69



	Saturation
	SS-4
	3
	8.148
	15.16
	2.78



	Saturation
	SS-6
	3
	8.148
	13.92
	2.68



	Saturation
	SS-8
	3
	8.148
	12.16
	2.13



	Saturation
	SS-10
	3
	8.148
	11.90
	1.73
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