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A combined monitoring experiment of pressure stimulated currents (PSC) and acoustic emission (AE) signals was conducted on coal samples under the coupled action of rheology and impact load. The temporal response characteristics of AE and PSC were analyzed, and a nonlinear fitting method was used to obtain the functional relationship between AE increment and the number of impacts. Based on the non-extensive statistical mechanics theory, the non-extensive parameter of the PSC decay process was calculated, and the decay law of PSC over time after impact loading was analyzed. The results show that AE and PSC signals can synchronously reflect the deformation and failure behavior of coal samples under rheological and impact loading conditions. During the impact loading stage, both AE counts and PSC signals exhibit a simultaneous surge, demonstrating distinct instantaneous response characteristics. In the subsequent rheological stage, the AE signal manifests as sporadic counts, while the PSC rapidly decays in a power law manner to a stable value. As the rheological stress level and the number of impacts increase, both the maximum and stable values of the PSC exhibit a gradual decreasing trend. The non-extensive statistical mechanics analysis indicates that PSC decay exhibits non-extensive characteristics, with a significant reduction in before impact failure, suggesting that q can be used to assess coal mass stability.
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1 INTRODUCTION
During coal mining, rockburst is a common coal-rock dynamic disaster, often occurring several hours to dozens of hours after roadway excavation is completed, making it highly concealed and hazardous (He et al., 2005; Mishra and Verma, 2015; Li et al., 2017). The formation process involves the transition of coal deformation from steady state rheology to non-steady state abrupt failure under high geostress conditions and is often influenced by dynamic disturbances from activities such as mining and blasting (Zhu et al., 2016; 2019; Feng et al., 2022; Kong et al., 2022; Hu et al., 2024; Li et al., 2024a; Li et al., 2025). Therefore, conducting creep mechanical tests on rocks under dynamic load disturbances is a crucial approach to studying the mechanism and process of rockburst occurrence. Moreover, the failure process of coal and rock is accompanied by the release of various forms of energy, including elastic energy, acoustic energy, and electromagnetic energy. Using geophysical methods to monitor the energy release of rock rheological failure under dynamic load disturbance conditions is of great significance for the monitoring and early warning of rockburst disasters in coal mines (Wang and He, 2005; Wang et al., 2012; Wang et al., 2024; Li H. et al., 2021; Li et al., 2024 S.; Kong et al., 2024). This contributes to the sustainable and safe mining of coal, especially in the context of increasing mining depths and the frequent occurrence of dynamic disasters.
The loading of coal-rock materials can induce PSC signals, a phenomenon initially explored in studies on the electromagnetic radiation mechanism of rocks (Warwick et al., 1982). It was not until the early 21st century that PSC generated by loaded rocks gained widespread attention and became an emerging research field among scholars worldwide (Guo, 2015; Tsallis, 2023). Freund (2002), Freund et al. (2006), Freund (2011) conducted experimental studies on the PSC effects in granite, plagioclase, gabbro, limestone, marble, and other rock types under loading conditions. Their findings revealed that even at relatively low stress levels, the samples were capable of generating PSC. To further investigate the PSC response characteristics during rock material damage, many researchers have conducted uniaxial loading, graded loading, and cyclic loading tests on different types of rock materials. Uniaxial graded loading experiments on marble demonstrated that regardless of the stress level, the PSC always decreases to the background value within a short period (ranging from tens to two hundred seconds) (Stavrakas et al., 2003; Triantis et al., 2012). Under constant stress, the PSC decays to a stable value, which remains higher than the pre-loading PSC level. Moreover, this stable PSC value increases with increasing stress levels (Scoville et al., 2015; Stergiopoulos et al., 2015; Li et al., 2021a). Stergiopoulos et al. (2015) conducted three point bending tests on cement mortar samples to study the decay behavior of PSC. Their research verified that the PSC decay follows the principles of non-extensive statistical theory, with the non-extensive parameter gradually increasing as the stress level rises. It reaches its peak at approximately 85% of the peak stress before subsequently declining, confirming the feasibility of using the non-extensive parameter for predicting specimen instability and failure. Li (2020) conducted compression failure experiments on different types of rocks and observed their discharge characteristics. Their study explored the mechanisms of electric generation, discharge, and the ignition of gob gas disasters during the fracture process.
The research on the PSC response of rock materials under loading has so far been conducted primarily under quasi-static loading conditions, while studies on the PSC response during the deformation of rock materials under creep conditions remain largely unexplored. However, due to the characteristics of deep coal mines—such as high geostress, strong rheological behavior of coal-rock masses, and significant influence from dynamic load disturbances—conducting PSC experiments under dynamic load disturbance conditions would be more aligned with the evolutionary process of coal mine dynamic disasters.
Previous research results have consistently shown that the induced current is correlated with applied stress, damage, and deformation, which is highly similar to the AE response during coal-rock loading and failure. To investigate the correlation between AE and PSC during the damage process of rock materials, Triantis et al. (2012) conducted three point bending tests at different loading rates, simultaneously measuring AE and PSC signals. Their results demonstrated a high correlation between the two signals, both effectively reflecting the damage process of cement mortar samples. Subsequently, Kourkoulis et al. (2018) further studied the tensile failure of marble samples by integrating PSC, AE, and three dimensional digital image correlation (3D DIC) techniques. These studies provide a research foundation for the feasibility of using combined AE and PSC monitoring to assess coal mass damage and deformation.
AE is highly sensitive to the instant of coal-rock material fracture but has a weaker response during the phase from the onset of loading to failure, making it difficult to fully characterize the damage evolution process of rock. In contrast, the PSC has high sensitivity and enables continuous monitoring, providing a complementary advantage to AE. While extensive research has been conducted on the response patterns of either AE or PSC signals during conventional coal-rock loading and failure processes (Li et al., 2015; Li et al., 2021b; Li et al., 2023), studies on the synchronous response of AE and PSC during the creep process under dynamic disturbance conditions remain unexplored.
Therefore, considering the characteristics of deep coal mine roadways and surrounding rock—such as significant rheological behavior, susceptibility to mining-induced disturbances, and strong disaster concealment—this study conducts a combined AE-PSC monitoring experiment on coal under the combined action of rheological and impact loads. The temporal response characteristics of AE and PSC signals are analyzed, with a specific focus on PSC signals. Using a nonlinear fitting method, the functional relationship between PSC increments and the number of impacts is derived. Furthermore, based on non-extensive statistical mechanics theory, the non-extensive parameter q for the PSC decay process is calculated, and the decay law of PSC over time after impact loading is analyzed. The research findings provide valuable insights into the mechanism of PSC generation and enhance the applicability of this technology in coal mining safety monitoring.
2 EXPERIMENTAL EQUIPMENT AND TESTING SCHEME
2.1 Experimental equipment
2.1.1 Rheology-impact loading test system
The rheology-impact loading system integrates the ALT1000 static hydraulic system and the Hopkinson bar system to achieve synchronized axial static and impact dynamic loading. The ALT1000 static hydraulic system consists of a hydraulic cylinder, a hydraulic station control system, a pressure loading control system, a pressure operation display, and a static strain acquisition system. Through program control, the system can set the required loading speed for the experiment, enabling loading, unloading, and force maintenance at various force-control speeds.
The static strain acquisition system consists of a static strain acquisition instrument, an acquisition system, and strain gauges. The dynamic impact tests are primarily conducted using the Hopkinson pressure bar system, which includes a high pressure chamber, an infrared velocimeter, an energy absorption device, a super dynamic strain acquisition instrument, and the main body of the pressure bar. The main body of the pressure bar consists of an impact bullet, an incident bar, and a transmission bar. The bars have a diameter of 100 mm and lengths of 400 mm, 5,000 mm, and 3,000 mm, respectively. They are all made of 30CrMoSiNi2A steel, with an elastic modulus of 210 GPa and a wave propagation speed of 5,100 m/s. During testing, the specimen is placed between the incident bar and the transmission bar. The data acquisition for the dynamic impact process is primarily achieved using strain gauges attached to the incident and transmission bars, strain bridge connection boxes, and a super dynamic strain acquisition instrument. The experimental system is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Rheology-impact loading test system.
2.1.2 PSC acquisition system
The PSC signal acquisition system primarily consists of a Keithley 6517B electrometer, shielded connection cables, electrode sheets, a computer, and signal acquisition software. The Keithley 6517B electrometer has a current measurement range of 10–12–20 mA and a reading rate of 425 readings per second. Electrode sheets are attached to both ends of the specimen, enabling the rapid and high precision real time acquisition of PSC response signals within high resistance materials such as coal and rock. A current signal acquisition program developed based on LabVIEW is used for real time display and storage of the acquired PSC data. The physical setup of the PSC signal acquisition system is shown in Figure 2.
[image: Figure 2]FIGURE 2 | PSC acquisition system.
2.1.3 AE acquisition system
The AE signals are acquired and stored using the Express-8, a 24-channel AE system produced by Physical Acoustics Corporation (PAC). This system includes AE sensors, preamplifiers, the AEwin RockTest for Express-8 software suite, and a main processing unit. In this experiment, seven NANO-30 AE sensors were used, with an operating frequency range of 150–400 kHz and a resonance frequency of 300 kHz. During testing, the sensors were tightly attached to the specimen’s surface. Based on the sensor sensitivity and environmental noise test results, the AE signal acquisition parameters were set as follows: the signal acquisition threshold was set to 30 dB, the sampling rate was 1 MSPS, and the preamplifier gain was 40 dB. The AE signal acquisition system is shown in Figure 3.
[image: Figure 3]FIGURE 3 | AE acquisition system.
2.2 Experimental scheme
The rheological test is conducted by applying a preset axial constant stress to the specimen using the static hydraulic system, while the SHPB impact loading system is used to apply an impact load with a preset impact velocity. The specific experimental steps include.
2.2.1 Specimen installation
The specimen is placed at the center of the end faces of the incident bar and the transmission bar. Square copper electrode sheets, measuring 80 mm × 80 mm with a thickness of 0.5 mm, are positioned between the specimen ends and the bar end faces. The electrode sheets are connected to a Keithley 6517B electrometer via shielded cables. Subsequently, the axial static hydraulic system is activated, and an initial stress of 0.1 MPa is applied to the specimen using a force-controlled mode to pre-tighten the specimen.
2.2.2 Connection and parameter configuration of the AE-PSC monitoring system
The AE monitoring system, Keithley 6517B electrometer, and TST3830 dynamic-static strain acquisition instrument are assembled and set up. The AE sensors, strain gauges, and electrode sheets attached to the specimen surface are then connected to their respective monitoring devices. Subsequently, the parameters of each instrument are adjusted and configured for data acquisition.
2.2.3 Experimental loading
The loading is controlled programmatically, applying stress at a rate of 0.05 MPa/s until reaching the preset axial constant stress value. Once the target stress is reached, the force is maintained, allowing the specimen to undergo rheological deformation under constant stress. Every 4 h during the rheological phase, the SHPB system is used to apply cyclic impact disturbances with the same impact velocity. Each cyclic impact consists of four shocks. If the specimen does not exhibit significant inertial fracture under the cyclic impact load, the rheology-impact test process is repeated. Throughout the application of rheological stress and impact load, strain, AE, and PSC signals are synchronously collected.
2.2.4 End of the experiment
When the specimen undergoes significant through-going fracture due to prolonged rheological deformation and multiple cyclic impacts, it is considered to have failed, marking the end of the experiment. At this point, the collection of strain, AE, and PSC signals is simultaneously stopped. The experimental process is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Flow chart of rheological-impact test. (a) Sample preparation. (b) Sensor installation. (c) 4-hour creep loading. (d) 4 impacts with the same vclonocity. (e) Sample failure.
3 TEMPORAL RESPONSE PATTERNS OF PSC AND AE DURING THE RHEOLOGY-IMPACT FAILURE PROCESS
Figure 5 illustrates the variations in strain, AE counts, and PSC over time during the cyclic rheology-impact failure process of coal sample C9 under test conditions with a rheological stress of 60% and an impact velocity of 4.5 m/s. The results indicate that the coal body generates significant AE and PSC signals during the rheology-impact process, with distinct differences in response between the rheological and impact loading stages. Upon the application of impact load, the specimen undergoes an instantaneous increase in deformation, accompanied by a sudden surge in AE counts and a simultaneous enhancement in PSC intensity. Following the impact load, the specimen continues to experience rheological deformation under sustained rheological stress. After the first two impacts, the rheological deformation of the specimen remains nearly unchanged. However, with subsequent impact loads, the coal sample exhibits a gradual increase in rheological deformation. Eventually, after approximately 1.9 h following the fifth cyclic impact, the specimen undergoes abrupt failure.
[image: Figure 5]FIGURE 5 | Time variation of AE and PSC during rheology-impact loading and failure of the coal sample.
During the rheological deformation process, the AE count does not show a significant increase. However, slight fluctuations in AE counts are observed during the first rheological stage and the 5th to 6th steady state rheological stages, just before failure. This indicates that under rheological stress, the coal sample undergoes crack compaction and crack propagation, leading to the release of internal elastic energy. The PSC signal is continuously monitored throughout the steady-state deformation process. As the rheological deformation gradually stabilizes, the PSC signal exhibits a macroscopic synchronization with the deformation pattern of the coal sample.
Specimen C9 underwent four tests with the same impact velocity during the first cyclic impact, with the variations in AE, PSC, and deformation under the combined effects of impact and rheological stress recorded in real-time, as shown in Figure 6. At the moment of impact loading, strain, AE, and PSC signals exhibit a simultaneous surge, with the PSC signal displaying a distinct peak. After reaching its peak value, the specimen remains under sustained rheological stress, causing the PSC to decay in a power law manner and gradually relax to a stable value. The stable current value after each impact varies slightly but remains higher than the pre-impact level. A statistical analysis of PSC parameter variations during the cyclic impact process is presented in Table 1, and based on this data, the curve of PSC increment versus impact count is plotted in Figure 7.
[image: Figure 6]FIGURE 6 | Time variation of strain, AE, and PSC during the first cyclic impact of specimen C9.
TABLE 1 | PSC variation of sample C9 under impact.
[image: Table 1][image: Figure 7]FIGURE 7 | Variation of PSC increment with impact count.
From the parameter statistics in Table 1 and the trend shown in Figure 7, it can be observed that under the same impact velocity and rheological stress conditions, the peak value of the PSC gradually decreases with an increasing number of impacts. Both the sudden surge amplitude and the increment after stabilizing also decrease progressively with each impact. This indicates that PSC exhibits a significant time-dependent effect during the initial damage and deformation process of the rock. Its variation pattern follows the equation:
[image: image]
Where, [image: image] is factor related to damage evolution, [image: image] is number of loading cycles, C is factor representing the value approaching [image: image].
Equation 1 describes the variation of the maximum PSC increment with the number of impacts under the same impact conditions but does not reflect the relationship between specimen deformation and PSC changes. From Figure 8, it is evident that strain and PSC increase simultaneously at the moment of impact. However, after the impact load is applied, the specimen remains under sustained rheological stress, leading to a gradual increase in strain, while the corresponding PSC gradually decays. This indicates that PSC and strain deformation do not exhibit a linear relationship. Observing the moment of impact, the specimen’s deformation process follows a pattern of instantaneous surge, slowed growth, and eventually no further increase. Correspondingly, the strain rate undergoes an instantaneous increase, followed by a gradual decrease, and eventually approaches 0. Based on this qualitative analysis, there is a positive correlation between PSC magnitude and strain rate.
[image: Figure 8]FIGURE 8 | Variation of PSC with strain rate.
After the impact load is applied, the specimen undergoes minor deformation fluctuations under the influence of rheological stress, but the overall deformation remains insignificant. Correspondingly, the AE signal remains relatively quiet, showing no significant fluctuations or increases, with only sporadic AE counts. To better visualize the temporal variations of AE and PSC at the moment of impact, a magnified plot of AE-PSC signals during impact was created, as shown in Figure 9. During each impact load event, PSC and specimen deformation increase simultaneously, while AE counts exhibit a distinct sudden peak. Prior to this peak, there is almost no significant AE signal. Subsequently, AE counts rapidly decay, accompanied by dense downward parabolic AE signals. Since this process lasts for more than 0.5 s, whereas dynamic impact loading typically occurs within 200–300 μs, which is significantly shorter than 0.5 s, the observed AE count variations must result from the combined effects of dynamic impact loading and static rheological stress.
[image: Figure 9]FIGURE 9 | Time Variation of AE and PSC under single impact and rheological stress.
After experiencing both impact and rheological effects, the specimen undergoes sudden failure. Figure 10 illustrates the AE and PSC responses during the microrheological failure process. The results indicate that AE counts exhibit clear phase dependent characteristics during rheological deformation, which can be broadly divided into three distinct stages: (1) Initial active phase. After the application of impact load, the specimen quickly enters the decelerated rheological stage, where strain continues to increase, but the rate of strain increase gradually decreases and stabilizes. At this stage, the specimen is in the initial rheological phase, during which the instantaneous axial stress disrupts the pre-existing stress equilibrium within the coal. The coal matrix and particles undergo slip and dislocation, leading to further crack compaction and closure. The strain energy stored within the coal is released in the form of AE, making AE activity relatively high. (2) Short-term quiescent phase. As rheological deformation transitions into a steady growth phase, most of the weak crystalline units within the specimen are fractured, and cracks become further compacted, leading to an overall increase in coal strength. Consequently, AE activity enters a short-term stable and quiescent period, where minimal AE signals are observed. (3) Accelerated failure active phase. With the continuous accumulation of crack-induced damage, the total strain increases progressively, and internal coal damage becomes the dominant factor. During this stage, the cracks accumulated in the steady-state rheological phase begin to propagate and interconnect. The displacement and slippage of crystalline particles lead to the formation of more macroscale fractures, eventually causing the macroscopic instability and rupture of the coal body. The strain energy stored within the coal is released entirely during the accelerated rheological failure process, with AE signals reaching their peak intensity at the moment of failure. Regarding the corresponding PSC response, during the steady-state rheological deformation phase before failure, the PSC shows a slight increase but remains relatively stable. However, during the final accelerated phase, the PSC exhibits a significant surge, culminating in a sharp spike at the moment of failure.
[image: Figure 10]FIGURE 10 | AE and PSC response patterns during the rheological failure process.
4 PSC ATTENUATION CHARACTERISTICS
By analyzing the deformation and PSC variation of the sample under the influence of rheological-impact forces, it is observed that each time an impact load is applied, it causes significant deformation and a sharp increase in PSC. Subsequently, under the action of rheological stress, the PSC signal generated by the sample gradually decays and eventually stabilizes. Previous studies have shown that after a major earthquake, multiple aftershocks (i.e., seismic events with smaller magnitudes) typically follow. As time passes after the main shock, the frequency of aftershocks gradually decreases and eventually ceases, exhibiting a clear attenuation characteristic (Chmel and Shcherbakov, 2012). Non-extensive statistical mechanics has been widely applied in studying system fluctuations and the process of reaching a stable state. Using non-extensive statistical theory to investigate the PSC decay pattern after an impact can reflect the process where energy, after suddenly accumulating in the coal, gradually dissipates and adjusts towards a balanced equilibrium state.
4.1 Non-extensive statistical mechanics theory
Non-extensive statistical mechanics was developed by Tsallis in 1988 as an extension of extensive statistical mechanics. The core idea involves modifying the classical Boltzmann-Gibbs (B-G) entropy by introducing a non-extensive parameter, leading to a probability distribution in the form of a power law. By leveraging certain relationships from B-G statistical mechanics, Tsallis derived the corresponding statistical mechanics framework for non-extensive entropy (Oghosian BM, 1996; Tsallis C, 2009; Guo, 2015; Stergiopoulos et al., 2015). Non-extensive statistical mechanics has been widely applied in studying system fluctuations and stability processes, particularly in complex systems exhibiting long-range interactions, fractal structures, and anomalous diffusion.
4.1.1 Tsallis entropy
In thermodynamics, entropy was introduced as a state function and later incorporated into statistical mechanics to describe the degree of disorder in a system. Boltzmann and Gibbs refined equilibrium statistical mechanics based on the principle of entropy, leading to the establishment of the Boltzmann-Gibbs (B-G) statistical theory (Tsallis C, 2009), which is defined as:
[image: image]
where, [image: image] is Boltzmann constant; [image: image] is total number of micro states in the system; [image: image] is the probability of the system being in the [image: image] state is denoted as [image: image], which satisfies the normalization condition.
When the system is in an equal probability state, the probability of each state is given by [image: image]:
[image: image]
However, the Boltzmann-Gibbs (BG) statistical theory is not universally applicable to all systems (Landsberg, 1984). To address this limitation, C. Tsallis extended the BG entropy formulation and proposed the Tsallis entropy, which generalizes the classical entropy definition (Tsallis, 2023).
According to the Boltzmann-Gibbs (BG) entropy formula (Equation 3), its fundamental form is a logarithmic function, which can be expressed as (Equation 4):
[image: image]
This ensures that the Boltzmann-Gibbs (BG) entropy formula is extensive. Its inverse function is the exponential function, which can be expressed as:
[image: image]
Equation 5 can be regarded as the solution to a differential equation under the initial condition y (0) = 1. Based on this, Tsallis proposed a more generalized differential equation (Equation 6) (Tsallis, 2023):
[image: image]
Solving the differential equation (Equation 7):
[image: image]
When [image: image], we obtain the Equation 8:
[image: image]
From this, we obtain the generalized exponential function, given by (Equation 9):
[image: image]
The corresponding generalized logarithmic function is given by:
[image: image]
Substituting Equation 10 into the Boltzmann-Gibbs entropy formula (Equation 2), we obtain the Tsallis q-entropy, expressed as Equation 11:
[image: image]
Where, q is non-extensive parameter.
When [image: image], we obtain the Equation 12:
[image: image]
When the system follows an equal probability distribution, the Tsallis q- entropy can be expressed as Equation 13:
[image: image]
4.1.2 Reasons for using non-extensive statistical mechanics to study PSC signal attenuation patterns
Many physical phenomena, such as fractals and diffusion of materials (Cao and Wang, 2005; Guo, 2015), energy distribution, and fluctuations, can be effectively described using power law functions. Non-extensive statistical mechanics (NST) extends the traditional exponential probability distribution into a power law probability distribution, making it suitable for analyzing complex systems with various degrees of interactions and correlations. For different levels of system complexity, the non-extensive parameter q serves as a simple and effective characterization metric. It provides a quantitative measure of how much a system deviates from classical extensive behavior, making it widely applicable in multiscale, self-organized, and non-equilibrium physical processes.
Previous studies have shown that coal-rock deformation and fracture under loading generate PSC signals, and the process of crack propagation and evolution significantly affects these signals. Under long term loading, coal deformation typically exhibits nonlinear characteristics, with internal structures experiencing long range interactions and memory effects—both of which align well with the application scope of non-extensive statistical mechanics (NST) (Stergiopoulos et al., 2015). Applied NST to analyze the attenuation of PSC signals during bending fracture experiments on concrete specimens. By continuously recording PSC signals at different stages—including the instant of stress loading, continuous loading, and stress maintenance—they calculated the q values corresponding to different stress levels. Their findings demonstrated that: NST effectively describes the attenuation behavior of stimulated PSC with good fitting accuracy. Changes in the entropy index q provide a reliable evaluation indicator for fracture events. Similarly, Li et al. (2021a) applied NST to analyze PSC attenuation during coal deformation and failure under conventional uniaxial loading. His study successfully characterized PSC decay patterns using NST, achieving good predictive accuracy. These findings suggest that NST is a valid tool for analyzing PSC attenuation in coal-rock materials under conventional uniaxial loading conditions. However, in this study, a rheology-impact loading approach is used, with synchronously recorded PSC signals. A key question arises: Can non-extensive statistical mechanics still be applied to analyze PSC signals under rheology-impact loading conditions? To verify the applicability of this statistical method, it is first necessary to analyze the fundamental attenuation patterns of PSC signals during the rheology-impact loading experiment.
4.2 Non-extensive characteristics of PSC during the rheology-impact process
4.2.1 PSC attenuation law
Figures 11, 12 show the PSC attenuation curves of coal samples C5 and C11 under the conditions of rheological stresses of 45% and 80%, respectively, and an impact velocity of 3 m/s during the cyclic rheology-impact process. To facilitate the analysis of the PSC attenuation pattern, the starting time of the PSC response in each rheology-impact process was zeroed. From the figures, it can be seen that after each impact, the PSC attenuation pattern is generally consistent: at the moment of impact loading, the PSC reaches its peak value, and then it gradually decays under the sustained action of rheological stress, ultimately stabilizing. Figures 11a, 12a show the changes in PSC during the initial loading rheological process for samples C5 and C11, where D represents a specific cyclic impact. At the moment of rheological stress loading, the PSC reaches 164 nA and 137 nA, respectively, and then rapidly decreases, stabilizing at around 67 nA and 72 nA after a decay of approximately 2000–2,600 s. Figures 11b–h and Figures 12b–d show the PSC decay process under impact disturbances for samples C5 and C11, where the PSC decay under impact disturbance is more gradual compared to the initial rheological stage. At the moment of each impact, the PSC increases slightly, with the increase amplitude being almost within 10 nA, and then it decays to a stable value after approximately 200–300 s.
[image: Figure 11]FIGURE 11 | The PSC attenuation curve of the coal sample C5 under rheology-impact loading during the rheological process.
[image: Figure 12]FIGURE 12 | The PSC attenuation curve of the coal sample C11 under rheology-impact loading during the rheological process.
The highest value and the stable value of PSC attenuation in each cycle are defined as [image: image] and [image: image], respectively. After the impact, the PSC decays over a certain period and gradually stabilizes. The decay rate R is introduced to represent the extent of PSC decay. The decay rate is defined as the ratio of the decay value after stabilization to the peak PSC value, expressed as:
[image: image]
Using Equation 14, the decay rates of PSC for coal samples C5 and C11 at different impact cycles are calculated, and the results are shown in Tables 2, 3.
TABLE 2 | PSC attenuation parameters of sample C5 under creep-impact conditions.
[image: Table 2]TABLE 3 | PSC attenuation parameters of sample C11 under creep-impact conditions.
[image: Table 3]Statistical analysis of the time variation of peak current, stable current, and decay rate R is shown in Figure 13. From Figure 13a, it can be observed that under the same rheological stress conditions, the peak current and stable current induced by impact differ, but as the number of impacts increases, their variation becomes less significant, remaining within the range of 60–75 nA. When observing the decay rate variation, it is evident that throughout the rheology-impact process, the decay rate stays below 15% and exhibits a trapezoidal trend: initially increasing steadily, followed by high fluctuations, and finally decreasing and stabilizing at a low level. As shown in Figure 13b, under high rheological stress levels (80%), the instantaneous peak current caused by impact is mostly in the range of 95–125 nA, with the stable current within 80–100 nA. This is significantly higher than the PSC levels observed for sample C5 under a 45% rheological stress condition. This indicates that the magnitude of PSC is closely related to the rheological stress level. As the rheological stress increases, both the instantaneous peak current and stable PSC also increase. As the number of impacts increases, the variations in instantaneous peak current and stable current become smaller, gradually stabilizing. Regarding the decay rate, the PSC decay trend of sample C11 differs from that of sample C5: before rheological failure occurs, the decay rate gradually decreases with each impact. However, during the last impact before rheological failure, the decay rate sharply increases from 5.4% to 21.1%. Despite this, the stable PSC remains almost unchanged, going from 96.85 to 93.55 nA, with a change rate of only 3.4%. This suggests that, under sustained rheological stress, impact loading causes an increase in instantaneous peak current but has a minimal impact on the stable PSC in the subsequent steady state.
[image: Figure 13]FIGURE 13 | The changes in PSC attenuation parameters for the specimen.
4.2.2 Non-Extensive Characteristics of PSC
As shown in Figures 11, 12, the PSC generated by the specimen after experiencing the combined effects of rheology and impact loading exhibits an approximately exponential decay over time. Therefore, non-extensive statistical mechanics can be used to analyze the PSC decay pattern:
[image: image]
Where, [image: image] is normalized PSC; [image: image] is the PSC at time t; [image: image] is the stable PSC after decay; [image: image] is the peak PSC value.
After impact disturbance, the PSC variation follows an exponential decay pattern, which can be expressed as Equation 16:
[image: image]
The general form of the PSC decay process, considering a more generalized expression, can be written as Equation 17:
[image: image]
From this, we can derive the general solution for the PSC attenuation process:
[image: image]
Using Equations 15, 18, the normalized PSC of the specimen under rheology-impact conditions was analyzed and fitted, with the results shown in Figure 14. From the figure, it is evident that non-extensive statistical mechanics performs well in characterizing the PSC decay pattern, indicating that the PSC decay exhibits non-extensive behavior. The non-extensive statistical mechanics fitting parameters for PSC decay under multiple impacts are shown in Table 4. From the table, it can be seen that under rheological stress, the PSC decay parameters vary for the same impact load. Figure 14 reveals that the q value significantly affects the concavity of the curve: the higher the q value, the greater the curvature of the PSC decay curve, and the faster the decay rate. To further understand the variation of the q value under rheology-impact loading, a curve representing the change in q value under multiple impacts is plotted in Figure 15. The figure shows that the q value increases initially and then decreases with the number of impacts. During the first 9 impact cycles, the q value increases overall with each impact. However, after the 10th impact, the q value drops sharply and remains at a lower level during subsequent impacts.
[image: Figure 14]FIGURE 14 | Fitting curves of PSC attenuation in different impact-creep processes.
TABLE 4 | Nonextensive parameter q values of PSC attenuation under cyclic impact.
[image: Table 4][image: Figure 15]FIGURE 15 | The distribution pattern of the q value with respect to the number of impacts.
The above results indicate that under rheology-impact loading, the PSC exhibits exponential decay, and the decay process generally follows non-extensive statistical mechanics, meaning the PSC decay process after the impact is non-extensive.During the first 10 impact cycles, the non-extensive parameter [image: image], indicating that the system exhibits non-extensive behavior with increasing complexity. However, after the 11th impact, there is a sharp drop in the q value, and at this point, [image: image]. This sharp decrease suggests the onset of a critical change in the material’s structure, leading to a more disordered state. Following this impact, the specimen undergoes rheological failure, marking the end of the experiment.Therefore, the q value can be used to assess the stability of the coal body, as it provides insight into the material’s structural integrity and failure threshold under cyclic loading.
5 CONCLUSION
This study investigates the PSC and AE signal responses of coal under the combined action of rheological and impact loads. Using a nonlinear fitting method, a functional relationship was established between the PSC increment and the number of impacts. Based on non-extensive statistical mechanics theory, the attenuation law of PSC signals after impact loading was discussed. The main conclusions are as follows:
(1) AE and PSC signals can synchronously reflect the deformation and failure behavior of coal samples under impact and rheological loading conditions. During the impact loading phase, both the AE count and PSC signals exhibit a sharp surge, demonstrating distinct instantaneous response characteristics. In the subsequent rheological phase, the AE signals show sporadic counts, while the PSC exhibits a decaying trend.
(2) After each impact, the PSC rapidly decays in a power law fashion to a stable value. This attenuation pattern is influenced by the release of impact kinetic energy and the stress wave propagation characteristics. As the rheological stress level and number of impacts increase, both the maximum PSC and the stable PSC show a gradual decreasing trend.
(3) Non-extensive statistical mechanics analysis indicates that the PSC decay exhibits non-extensive characteristics, with a significant decrease in the q value before impact failure. The q value can be used to assess the stability of the coal mass, providing a valuable tool for evaluating the risk of failure or instability in coal under dynamic loading conditions.
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