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The tensile fracture of the overlying strata in coal mines significantly affects the stability of the surrounding rock and the working face. This study investigates the effects of rock mineral composition and mining speed on roof strata fracture behavior through three-point bending tests under various mineral compositions and loading rates, simulating tensile fractures under different mining conditions. Fracture processes were monitored using an acoustic emission (AE) system and high-speed camera, with multifractal analysis and digital image correlation (DIC) applied to assess AE signal characteristics and crack propagation. Results indicated that siliceous sandstone (SS) exhibited more rapid and penetrating fractures compared to argillaceous sandstone (AS). Before reaching peak load, AS showed a broader multifractal spectrum width (Δα) than SS, reflecting its more ductile fracture behavior, which also resulted in higher Δα values in the post-peak stage. Both Δα and multifractal spectrum difference (Δf(α)) decreased with increasing loading rates for AS, indicating a weakening of the multifractal characteristics of the AE signals and a progressively dominant presence of strong signals. The fracture behavior in both rock types was dominated by tensile microcracks, along with tensile-shear composite and shear microcracks. Higher loading rates increased the proportion of tensile-shear composite and shear microcracks components in the AE signals, with the rate being lower in AS than SS. These findings provide a basis for predicting the characteristics of the tensile fracture of overlying strata in mined-out areas.
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1 INTRODUCTION
Coal mining is gradually shifting to deeper levels, with the mining depths exceeding 800 m. The complex deep geology environments lead to more severe dynamic disasters (Cui et al., 2022; Xie et al., 2023; Mahdi et al., 2022). As the working face advances, the periodic breaking of the overlying strata releases significant stored elastic energy in the mined-out area (Wang et al., 2021; Zhao et al., 2021), resulting in mining-induced seismicity (Zhu C. L. et al., 2022). Under the high static stress conditions of deep mining, these unpredictable seismic events easily induce the deformation of surrounding rocks, the ground vibration and the rockburst hazard (Guo et al., 2022; Ma et al., 2024). The tensile fracture behavior of overlying strata is significantly affected by the rock property and the mining speed. Studying the effects of the rock property and the mining speed on the fracture characteristics and patterns of the strata is of great significance for predicting and preventing disasters in deep resource extraction.
The tensile fracture of overlying strata, classified as type I fracture, is induced by the bending and subsidence of the goaf roof strata. Many studies have analyzed the energy release(Rakesh et al., 2022; Cheng et al., 2019; Li H. T. et al., 2022; Sun et al., 2019; Sun et al., 2020), fracture behavior, and breaking extent associated with the tensile fracture of overlying strata. Zhu J. B. et al. (2022) analyzed the damage characteristics and displacement changes of the overlying strata, and further investigated the influence of the strata tensile fracture on the stability of coal pillars. Yang et al. (2019) revealed the fracture mechanism of the goaf roof strata and analyzed the stress, deformation and stability of the roadway. Regarding the rock property effect, Zhang et al. (2020) studied the macroscopic crack propagation patterns and strength characteristics of mudstone, sandstone, and coal under three-point bending, demonstrating that the rock mesostructure significantly affects the macroscopic damage characteristics. Cai et al. (2022) analyzed the coupling evolution law of stress and energy in the overlying strata under mining activities using the methods of field experiments and fractal theory, revealing the breaking process of the roof strata and the disaster mechanisms. Moreover, the joint characteristics and anisotropy of rock significantly affect its mechanical behavior (Chen et al., 2022; Feng et al., 2023; Zhou et al., 2022; Zhu et al., 2024). Gong et al. (2024), based on simulations of the cross-scale failure processes in discontinuous rock masses, revealed the nonlinear mechanical behavior of rock. Qiu et al. (2023) and Yin et al. (2023) investigated the dynamic mechanical response of jointed rock masses under different strain rates and joint characteristics, highlighting their effects on strength and failure modes. These research results demonstrate that the tensile fracture of the overlying roof strata significantly affects the stability of the surrounding rock of roadways. However, few systematic studies have focused on the influence of the rock property and the mining speed on the fracture characteristics and patterns of the roof strata.
A great number of scholars have carried out three-point bending tests of rocks to simulate the tensile fracture of roof strata (Du et al., 2022; Li T. et al., 2018; Wei et al., 2021), with monitoring the damage process and acoustic emission signals using the acoustic emission (AE) system and the digital image correlation (DIC) techniques (Prikryl et al., 2003). Zhang et al. (2015) demonstrated that the AE system and DIC techniques can effectively monitor the initiation and propagation behavior of cracks in sandstone under three-point bending tests. Lin et al. (2019) investigated into the fracture process zone under three-point bending tests using AE and DIC techniques, validating that its energy changes conform to the linear softening law of the fracture process zone. Li X. L. et al. (2018) conducted three-point bending tests to reproduce the tensile fracture of roof strata and investigated the effect of mining speeds on the fracture characteristics of the overlying strata. It is found that the loading rate is exponentially positively correlated with the AE peak energy and peak load, and exponentially negatively correlated with the total AE count. Gao et al. (2021) studied the evolution processes of the surface deformation, crack propagation, and strain energy in coal samples under different stress paths using the AE system and DIC techniques.
The studies above demonstrate that the AE and DIC techniques effectively describe the damage characteristics of specimens under different rock properties and loading conditions. Some scholars have analyzed the AE signals associated with the damage processes of rock materials using fractal theory, which can describe irregular phenomena in nature and is widely used to study the damage characteristics of rock-like materials (Lei et al., 2023; Mao et al., 2020; Ghanbarian et al., 2019). Zhang et al. (2022) discovered that under three-point bending tests on granite at high temperatures, the multifractal spectrum width Δα gradually decreases and the ductile failure becomes dominant as the temperature of the rock samples increases. Lei et al. (2023) found that the decrease in Δf(α) indicates an increased proportion of large-scale shear fractures under uniaxial compression tests on sandstone with different crack distributions. Ou et al. (2023) applied the multifractal analysis method to the AE signals induced by rock brittle fracture, demonstrating that rock brittleness is positively correlated with the multifractal spectrum width Δα and negatively correlated with the difference between the two ends of the multifractal spectrum Δf(α). Sudden changes in these two parameters could serve as precursors to rock failure. These studies confirm that the fractal theory can effectively quantify the characteristics of AE signals induced by rock material damage. However, the AE signal characteristics for the tensile fracture of roof strata remain unclear, limiting early warning and prediction of the goaf roof strata breaking.
Based on the aforementioned research background and methods, a series of three-point bending tests were conducted under different rock properties and loading rates. The fracture strength, energy release, AE signals characteristics, and crack propagation associated with the tensile fracture of roof strata were obtained based on the AE monitoring systems, DIC technology, and high-speed cameras. Moreover, the fractal theory was applied to further analyze the fracture characteristics of roof strata under different rock properties and loading rates. The research findings will provide a basis for the early warning of the tensile fracture of overlying roof strata in mined-out areas.
2 EXPERIMENTAL PROCEDURES
2.1 Specimens preparation
The sandstone layer dominates the overlying strata of underground coal resources, with its physical and mechanical properties influenced by various factors such as the size of clastic particles, composition, and types of cementing materials. Among these factors, the type of cementing material within the rock directly influences the bonding strength of the clastic particles, significantly affecting the overall mechanical performance of the sandstone (Gao and Kang, 2017). For sandstone materials, the most common types are argillaceous sandstone (AS) and siliceous sandstone (SS). Therefore, AS and SS were selected as test samples in this study, with the specimens sourced from a metal mine in Hunan and a coal mine in Shanxi. The primary mineral compositions of AS and SS are shown in Figures 1, 2, respectively. AS mainly comprises quartz lithic fragments, siliceous lithic fragments, argillaceous lithic fragments, and volcanic lithic fragments. The interstitial materials are primarily argillaceous, mica, chlorite, and carbonate minerals, with argillaceous materials mainly composed of clay mineral aggregates. In contrast, SS primarily consists of siliceous lithic fragments and quartz lithic fragments. The siliceous lithic fragments are composed of microcrystalline to cryptocrystalline siliceous aggregates, while the quartz lithic fragments are composed of granular quartz aggregates. The quartz particles exhibit serrated contacts. The interstitial materials in SS are mainly siliceous, carbonate minerals, and opaque minerals, with the siliceous materials mostly being secondary overgrowths of quartz surrounding the edges of the detrital particles.
[image: Figure 1]FIGURE 1 | Image of argillaceous cemented sandstone main mineral components identification: (A) Main mineral composition proportions; (B) Mineral identification under a polarizing microscope.
[image: Figure 2]FIGURE 2 | Image of siliceous cemented sandstone main mineral components identification: (A) Main mineral composition proportions; (B) Mineral identification under a polarizing microscope.
According to the recommended methods of the International Society for Rock Mechanics and Rock Engineering, the basic physical and mechanical parameters of the two types of rock samples were measured, as shown in Table 1. Regarding P-wave velocity, AS exhibits stronger heterogeneity, while SS, with its higher density, is more homogeneous. Due to differences in material composition, there are significant distinctions in the strength parameters between the two types of rock. When preparing rock beam samples, the dimensions were uniformly processed to 250×30×50 mm (length×width×height). The prepared sandstone samples were free of prefabricated cracks and obvious joints, with the flatness error of the end faces controlled within 0.01 mm.
TABLE 1 | The basic physical and mechanical parameters of two types of rock.
[image: Table 1]2.2 Experimental methods
Using the AGX-V material testing machine, three-point bending tests were conducted on rectangular sandstone specimens. The contact between the specimen and the upper loading end was linear, with a span of 200 mm between the lower support points, and the bottom of the testing machine was equipped with cylindrical supports. The specimens loading and the schematic of the acoustic emission sensor arrangement are depicted in Figures 3A, B, respectively. Before the test, a preload of 10 N was applied. Loading tests were performed on both AS and SS specimens at loading rates of 0.05, 0.15, 0.5, 1.5, 5.0, and 15.0 mm/min, with each test group repeated five times.
[image: Figure 3]FIGURE 3 | Schematic of test apparatus and set-up: (A) loading configuration of sample; (B) schematic of acoustic emission sensor arrangement.
During the tests, an acoustic emission (AE) monitoring system, digital image correlation (DIC) technology, and a high-speed camera were employed to capture real-time AE signals emanating from internal damage and failure of the specimens, as well as to monitor surface deformation. Simultaneously, the loading force and displacement at the loading end were recorded by the testing machine, with a data sampling frequency of 1 kHz. The tests were terminated when the loading force dropped below 0.3% of the peak value.
The experiment employed a PCI-2 Acoustic Emission (AE) system equipped with six Micro 30 sensors, which have a frequency response range of 150–400 kHz and a resonant frequency of 225 kHz. The system utilized preamplifiers with a gain of 40 dB, and all sensor signals were set with a trigger threshold of 45 dB. The sampling frequency was 5 MHz, with a sampling length of 2048.
To ensure accurate measurements, the surfaces of the rectangular sandstone specimens were polished, and the sensors were fixed in place with tape. High vacuum grease was applied to couple the sensors to the rock. As shown in Figure 3, sensors 1# to 3# were positioned on the left side of the specimen, while sensors 4# to 6# were on the right side. Each sensor was placed 70 mm from the specimen centre and equidistant from the top and bottom edges. Six sensors were chosen to ensure sufficient data collection and a balanced experimental setup. As shown in Figure 3, the experiment utilized a Phantom TMX 7510 high-speed camera along with two LED compensating light sources. The camera was strategically positioned in front of the specimen to monitor the deformation of the speckled area on the front surface and the failure process of the specimen. The speckle pattern, spanning a width of 50 mm, consisted of black spots on a white background, with spot sizes ranging from 0.1 to 1 mm. Just before the macroscopic fracture of the specimen, the high-speed camera was manually triggered to capture images at a frame rate of 20,000 fps.
3 RESULTS AND ANALYSIS
3.1 Load-displacement curves
The load-displacement curves of typical specimens from two lithologies subjected to different loading rates are depicted in Figure 4. It can be observed that the mechanical response trends of both types of sandstone are similar under various loading rates. Both types exhibit a nearly linear increase in load before the peak, followed by a sudden fracture after the peak, demonstrating clear brittle characteristics. However, the post-peak stress of AS does not drop to zero and retains some load-bearing capacity. By extracting the peak load of each specimen, the variation of the peak load with loading rate can be obtained, as shown in Figure 5. Within the loading rate range of 0.05–15 mm/min, both AS and SS show an increasing trend in peak load and failure strain. The peak load increments for AS are 0.3%, 2.0%, 6.8%, 7.0%, and 11.5%, while for SS they are 3.4%, 4.1%, 7.3%, 10.5%, and 13.1%. Due to the higher mineral content and cementation strength of SS, it has a stronger overall load-bearing capacity, with a slightly higher increase in peak load compared to AS.
[image: Figure 4]FIGURE 4 | Force displacement diagram: (A) AS; (B) SS. AS= argillaceous sandstone; SS= siliceous sandstone. 0.05 mm/min denotes the experimental results for the specimen tested at a loading rate of 0.05 mm/min.
[image: Figure 5]FIGURE 5 | Image of the mean peak load.
3.2 Acoustic emission characteristic parameters
The complete waveform captured by the AE signal encapsulates a wealth of destructive information, enabling both direct and indirect assessments of the internal damage in the specimen (Zhang and Deng, 2020). AE parameters, such as AE counts and AE energy, play a pivotal role in elucidating the mechanisms of fracturing and damage in rock materials. AE counts measure the number of oscillations surpassing the threshold level of the signal, thereby indicating the rate of crack initiation and propagation. Concurrently, AE energy is calculated by integrating the waveforms recorded by the signal acquisition system, which facilitates an analysis of the energy dynamics associated with crack propagation and the overall severity of rock damage. Figure 6 illustrates the methods used to compute various AE characteristic parameters.
[image: Figure 6]FIGURE 6 | Graphical representations of AE characteristic parameters.
3.2.1 Time domain parameters
The failure process of rocks under load is essentially a process of energy transfer. This paper employs the AE energy parameters to characterize the failure features of sandstone. Under a three-point bending load, the typical time-domain images of sandstone at different loading rates are shown in Figure 7. To facilitate the quantitative analysis of the tensile fracture characteristics, the loading process is divided into three stages based on the load-time curves: Stage I. Tension and elastic stage (0<σ ≤0.9 σmax), Stage II. Plastic failure stage (0.9 σmax<σ ≤σmax), Stage III. Residual stage (After the peak load). Where σ and σmax represent the stress and the peak failure stress of the sandstone specimen, respectively.
Stage I: Both AS and SS enter a tension phase characterized by the activation of pre-existing internal defects at the onset of loading. Initially, the load-time curve exhibits a gradual increase in slope over a short period (the first 10% of loading time), which then transitions into a sustained linear growth for the majority of the period (covering 80% of the loading time), signalling the elastic stage. During this phase, the AE energy characteristics of the AS and SS exhibit similar patterns, characterized by sporadic microcrack formation and low-intensity AE signals. The limited increase in cumulative AE energy indicates minimal elastic energy release, which contributes to preserving structural integrity by preventing the formation of larger fractures.
Stage II: As the loading force increases, approaching the peak load, micro-cracks progressively propagate and grow in scale. During this stage, the slope of the load-time curve gradually decreases until the peak load is reached, where the coalescence of previously accumulated cracks is observed, causing a sudden macroscopic fracture in the specimen. At this stage, individual AE signal energy peaks achieve the highest levels of the entire process, with a sharp increase in cumulative AE energy. As the loading rate increases, the peak energy of individual AE signals gradually rises, and the number of signals with higher energy significantly increases. The increased loading rate accelerates crack propagation, leading to a more concentrated release of stored energy. Compared to the AS, the SS exhibits higher individual energy peaks, greater increases, and a larger rise in cumulative energy, indicating a more abrupt and brittle fracture process
Stage III: After the peak load, macroscopic cracks traverse the specimen, causing a sudden drop in load-bearing capacity. The AS retains a certain residual strength after the peak drop, whereas the SS completely loses its load-bearing capacity. The AS continues to fail under the external force during this stage, with a significant post-peak residual phase, still generating notable AE energy signals. This ongoing AE activity suggests that microcrack development and crack bridging are still active. Thus, the cumulative AE energy continues to rise until the specimen is fully damaged. In contrast, the SS exhibits few significant AE energy signals at this stage, indicating a rapid fracture process with limited energy dissipation, further emphasizing that the AS has a markedly stronger ductile response than the SS.
[image: Figure 7]FIGURE 7 | Typical sandstone time-domain image: (A) AS-0.05; (B) SS-0.05; (C) AS-0.5; (D) SS-0.5; (E) AS-5.0; (F) SS-5.0. AS= argillaceous sandstone; SS= siliceous sandstone; AS-0.05 denotes the experimental results for the AS specimen tested at a loading rate of 0.05 mm/min.
3.2.2 Frequency domain parameters
Acoustic emission frequency domain characteristics can reflect the stress state and mechanical properties of rocks and provide a good representation of the overall spectral features (Kong et al., 2017; Liang et al., 2020). This study utilizes the fast flourier transform (FFT) to convert time-domain signals into the frequency domain, analyzing the distribution of dominant frequencies and the frequency structure. The typical frequency distribution images of sandstone are illustrated in Figure 8.
[image: Figure 8]FIGURE 8 | Typical sandstone dominant frequency distribution image: (A) AS-0.05; (B) SS-0.05; (C) AS-0.5; (D) SS-0.5; (E) AS-5.0; (F) SS-5.0. AS= argillaceous sandstone; SS= siliceous sandstone; AS-0.05 denotes the experimental results for the AS specimen tested at a loading rate of 0.05 mm/min.
From the graph, the dominant frequencies for AS and SS throughout the entire three-point bending failure process primarily range between 100 and 300 kHz. In Stage I, both types of samples exhibit a low density of AE signals; however, the signal density significantly increases in Stages II and III. Particularly in Stage III, the residual stage, the propagation of internal cracks leads to the macroscopic fracture of the specimens, markedly increasing both the signal density and the amplitude of energy. During the early tension phase of Stage I, the SS shows a higher number of AE signals, but fewer during the elastic phase. The lower frequency and energy amplitude of AE signals before the formation of penetrating fractures indicate the sample’s superior homogeneity and greater strength. Under varying loading rates, the AS consistently shows more AE signals in all loading stages compared to the SS, a phenomenon likely related to the lower strength and higher heterogeneity of the argillaceous sandstone samples, with each stage of continuous destruction accompanied by continuous AE signal release. The expansion of macroscopic cracks in AS and SS mainly occurs in Stage II, where there is a sudden increase in cumulative AE energy. As the loading rate increases, the onset of macroscopic cracks progressively advances. When the loading rate increases from 0.05 to 5 mm/min, the moments of a sharp increase in cumulative AE energy for the AS and SS respectively occur at 100, 97.8, 91.7% and 100, 98.5, 93.8% of the peak load.
To quantitatively describe the frequency distribution and the amplitude of dominant frequencies throughout the loading process of the AS and the SS, statistics on the dominant frequency distribution intervals were collected for loading rates of 0.05, 0.5, and 5 mm/min, with results presented in Table 2. Additionally, spectral graphs for the SS at loading rates of 0.05 and 5 mm/min were plotted, as shown in Figure 9. According to Table 2, the primary frequency distribution intervals for both AS and SS predominantly range between 200 and 250 kHz, accounting for 60%–80% and 30%–50% respectively, with fewer dominant frequencies below 100 kHz and above 250 kHz. For the AS, as the loading rate increases, the proportion of dominant frequencies in the 50–150 kHz range gradually increases, while the proportion in the 200–300 kHz range decreases. For the SS, with increasing loading rates, the proportion of dominant frequencies in the 50–100 kHz range gradually increases, whereas the proportion in the 200–250 kHz range decreases. It is evident that for both types of sandstone, the proportion of events at lower dominant frequencies increases with rising loading rates, while the proportion of events at higher dominant frequencies decreases.
TABLE 2 | Distribution of the proportion of AE signals in different frequency intervals.
[image: Table 2][image: Figure 9]FIGURE 9 | Typical sandstone spectral images: (A) SS-0.05; (B) SS-5.0. SS= siliceous sandstone; SS-0.05 denotes the experimental results for the SS specimen tested at a loading rate of 0.05 mm/min.
Large-scale fractures in sandstone typically occur only after the load reaches a critical threshold, associated with AE signal events that exhibit lower dominant frequencies. These events, although less frequent, often feature larger signal amplitudes and contain higher energy, representing a smaller proportion of total events. In contrast, higher frequency events, indicative of small-scale damage, are more prevalent. The lower dominant frequencies observed in large-scale fracture events can be attributed to the longer wavelength of stress waves generated by the release of significant amounts of energy over larger fracture surfaces. With increasing loading rates, the destruction of sandstone samples accelerates, markedly reducing the frequency of small-scale damage events, while the occurrence of large-scale fractures remains relatively stable or increases slightly. As a result, higher loading rates lead to a shift in the overall destruction pattern of the samples, increasing the proportion of low dominant frequency events and decreasing that of high dominant frequency events. Furthermore, the homogeneity of SS exceeds that of AS, leading to less variability in the proportion of dominant frequency ranges in SS compared to AS. As the loading rate increases, the spectral characteristics of both AS and SS transition from low to high frequencies while maintaining high amplitudes.
3.2.3 Multifractal characteristics of AE signals
Simple fractal dimensions sometimes fail to reflect local variations and the essential characteristics of signals. Therefore, this paper employs multifractal dimensions, which can describe the data structure across multiple scales (Li H. R. et al., 2022; Li X. L. et al., 2018), for processing and analyzing Acoustic Emission (AE) signals. The methodology involves constructing the fluctuation function [image: image] and the partition function [image: image] based on controlled time series. The generalized Hurst exponent [image: image] and the mass exponent [image: image] are then calculated (Miao et al., 2022; Niu et al., 2022). Subsequently, the fractal spectrum α-f(α) is plotted to analyze the nonlinear characteristics, heterogeneity, and complexity of the AE signals, as well as the proportion of high-frequency and low-frequency signals. A typical example of AE signal calculations is illustrated in Figure 10.
[image: Figure 10]FIGURE 10 | Multifractal spectrum and characteristic parameters. SS= siliceous sandstone; Δα denotes the width of the multifractal spectrum; Δf(α) denotes the difference between the extremes of the multifractal spectrum; Stage Ⅱ= Plastic failure stage (Please refer to section 3.2.1 for specific phase description).
The width of the multifractal spectrum, Δα=αmax - αmin, indicates the level of heterogeneity in the Acoustic Emission (AE) energy data, with larger values suggesting more pronounced multifractal characteristics. The difference between the extremes of the multifractal spectrum, Δf(α) = f(αmax)- f(αmin), elucidates the frequency relationship between high-energy signals (f(αmin)) and low-energy signals (f(αmax)) (Hu et al., 2014; Ou et al., 2023; Zhang et al., 2022). A smaller value of Δf(α) (i.e., f(αmax)- f(αmin) < 0) indicates that high-energy signals are more frequent and dominant. Conversely, if f(αmax)- f(αmin) > 0, low-energy signals predominate. This analysis integrates the characteristics of the three destruction stages of AS and SS samples to evaluate their multifractal features. Focusing on the critical damage signals of each stage, the five sets of data with the highest amplitudes from each stage are selected for multifractal calculations, and their averages are computed. Figure 11 displays the change laws in the characteristic parameters of AE signals for the AS and SS under various loading rates.
[image: Figure 11]FIGURE 11 | Change law of characteristic parameters for multifractal spectrum: (A) AS-Δα; (B) AS-Δf(α); (C) SS-Δα; (D) SS-Δf(α). AS= argillaceous sandstone; SS= siliceous sandstone; Δα denotes the width of the multifractal spectrum; Δf(α) denotes the difference between the extremes of the multifractal spectrum.
The graph indicates that the characteristic parameters of AE signals for AS and SS vary under different loading rates. In the initial loading stages I and II, the absolute values of the difference between the extremes of the multifractal spectrum, Δf(α), for the AS and SS fluctuate and increase with the loading rate. Consequently, if the loading rate increases, the frequency of high-energy signal occurrences for both types of samples also rises, enhancing the heterogeneity of the released energy signals, and the damage signals in the argillaceous sandstone are more complex at the same loading rate. Additionally, the multifractal spectrum width Δα for the AS, which shows more pronounced ductile characteristics, is greater than for the SS, indicating that the AE signal’s multifractal characteristics of post-load damage are more distinct in the AS. This could be linked to the stronger heterogeneity of its internal binders, with an increase in loading rate potentially leading to the expansion of more internal defects. For the SS, both Δα and the absolute value of Δf(α) fluctuate and increase with the loading rate. For this siliceous sandstone, the higher the loading rate, the more uneven the AE signal energy becomes in the first two stages, with the frequency of high-energy events increasing. In Stage III, both Δα and the absolute value of Δf(α) for the AS show a fluctuating downward trend with increasing loading rates. As the loading rate increases, the duration of the residual phase in AS shortens, and the frequency of high-energy signal release decreases. Additionally, an increased loading rate might cause high-energy damage to occur earlier.
3.3 Deformation and fracture characteristics
3.3.1 Fracture modes
The average frequency (AF) and rise angle (RA) of AE signals are commonly used to discriminate between tensile failure and shear failure (or a mix of tensile and shear failure) (Niu et al., 2020; Zhang et al., 2020). The calculation formulas for the AF and RA are shown in Figure 6. The waveform of the tensile failure propagates as longitudinal waves, resulting in a smaller RA; while the shear failure waveforms propagate as shear waves, resulting in a larger RA. In this study, AF and RA were normalized (Zhao et al., 2022), and an AF/RA ratio greater than 1 was used to identify tensile failure, while a ratio of 1 or less indicated shear failure (or a mix of tensile and shear failure). This method was applied to analyze the failure modes of AS and SS at loading rates of 0.05, 0.5, and 5 mm/min. The calculation results are shown in Table 3, and the typical RA-AF distribution is shown in Figure 12.
TABLE 3 | Probability distribution of RA-AF events.
[image: Table 3][image: Figure 12]FIGURE 12 | Distribution of the RA-AF values: (A) SS-0.05; (B) SS-5.0. SS= siliceous sandstone; SS-0.05 denotes the experimental results for the SS specimen tested at a loading rate of 0.05 mm/min.
As shown in Table 3, based on the AF/RA calculation results, the microcrack modes of both types of sandstone at different loading rates predominantly exhibit tensile fracture, with the AE signals of tensile fracture exceeding 60% at each stage. For various loading rates, the proportion of shear fracture in the plastic failure stage (Stage II) is higher than in the compaction and elastic stage (Stage I) and the residual stage (Stage III). The highest proportion of the tensile fracture occurs in Stage I for both types of sandstone, maintaining above 95%. The proportion of shear fracture in Stage I increases from 0.002% to 0.027% and from 0% to 0.019% for AS and SS as the loading rate increases. The highest proportion of the shear fractures occurs in Stage II. As the loading rate increases, the proportion increases for AS from 0.03% to 0.309%, whereas SS shows a relatively stable range of 9%–12%. The fracture mode variation in Stage III is similar to Stage I, with a slight increase in the proportion of shear fracture as the loading rate increases, while the proportion of tensile fracture remains above 85%. At lower loading rates, the amplitude of tensile fracture is higher, consuming more energy for small-scale fracture. The proportion of combined tensile and shear failures rises as the loading rate increases, indicating that the energy dissipated by the large-scale fracture is more than at lower loading rates.
The AS and SS exhibit predominantly tensile fracture under three points bending. In the initial loading stage, i.e., Stage I, the elastic energy is primarily stored as releasable energy, with a small amount of energy dissipated through the tensile micro-fracture. As the loading rate increases, the internal damage of rock accelerates and the structure becomes increasingly complex, with the tensile and shear mixed micro-fracture gradually increasing. The increased loading rate enhances the stress intensity around pre-existing micro-cracks, promoting their coalescence and leading to a more intricate fracture network. When the stored energy within the sample reaches its peak, the sample suddenly fails and the fracture mode largely exhibits the tensile fracture. In this stage, the mixed micro-fracture significantly increases and the proportion of it reaches a maximum in the whole loading process, indicating the complexity of the internal damage structure induced by the increased loading rate, as depicted in Figure 12. The sudden release of accumulated elastic energy contributes to the rapid propagation of tensile cracks, resulting in the dominant fracture mode being tensile. Numerous AE events are observed in the residual stage due to the ductility of the AS. However, the SS with poor ductility rapidly loses its load-bearing capacity after the peak load, leading to no significant residual stage. The SS exhibits a short residual stage at a high loading rate, with the predominantly dominant of tensile fracture.
3.3.2 Surface deformation
High-speed camera imaging combined with Digital Image Correlation (DIC) technology provides a precise capture of the evolution of surface cracks and strain fields in samples, thereby enhancing our understanding of AS and SS fracture characteristics. This study aims to facilitate the analysis of AS and SS fracture processes under various loading rates. To achieve this, the frame number when visible cracks first appear is defined as the crack initiation frame, and the frame when cracks penetrate the sample or result in a loss of load-bearing capacity is defined as the failure frame. The crack initiation and failure frames for AS and SS under different loading rates are summarized in Table 4, with the crack initiation frame designated as the 100th frame.
TABLE 4 | Frame rate parameters for sandstone failure under different conditions.
[image: Table 4]Table 4 demonstrates that as loading rates increase, the interval between crack initiation and failure frames decreases for both AS and SS, indicating accelerated fracture rates. However, at equivalent loading rates, AS exhibits slower fracture rates compared to SS. By employing DIC technology, we generated horizontal strain contour maps of the central surface area of samples, which are depicted in Figure 13. Due to space constraints, strain contour maps for loading rates of 0.05, 0.5, and 5 mm/min are presented in Figure 14.
[image: Figure 13]FIGURE 13 | Regional division and strain gauge location.
[image: Figure 14]FIGURE 14 | Horizontal strain cloud map of sandstone: (A) AS; (B) SS. AS= argillaceous sandstone; SS= siliceous sandstone; Crack Initiation denotes the moment when cracks appear in the specimen; Crack initiation frame +2 denotes the 0.1 m after the moment of crack initiation; Crack initiation frame +4 denotes the 0.2 m after the moment of crack initiation; 0.05 mm/min denotes that the specimen is subjected to a loading rate of 0.05 mm/min.
Figure 14 presents images of the crack initiation frame, the second and fourth frames post-initiation, and the failure frames for both AS and SS. The overall fracture patterns indicate that under three-point bending, high strain zones initially manifest at the lower central part of the samples, where damage is most severe. Subsequently, stress concentration evolves into macroscopic cracks that progressively extend upward. In AS samples, cracks extend only halfway up the sample height at failure without developing through cracks. In contrast, SS exhibits more severe damage, with a rapid loss of load-bearing capacity upon macroscopic crack penetration. This higher fracture rate in SS is attributed to its greater elastic modulus, strength, and homogeneity, which facilitate greater energy accumulation and release before failure.
Analysis of strain data indicates higher horizontal strain increase rates near the lower sections of both AS and SS under various loading rates. In AS, the midline consistently exhibits higher horizontal strain peaks in the lower section. SS shows a similar trend at loading rates below 5 mm/min; however, above this threshold, the horizontal strain peaks reverse (E < D < C < B < A), indicating lower strain in the lower tensile zone due to rapid crack penetration (less than 0.6 m), which limits pre-failure deformation.
Increasing loading rates accelerate crack propagation and intensify crack development, resulting in larger expansions upon loss of load-bearing capacity. Different sandstone types exhibit varying sensitivities to loading rates. As depicted in Table 4, as loading rates increase from 0.05 to 15 mm/min, AS and SS show significant increases in fracture rates by 75.1%, 78.7%, 79.9%, 84.5%, and 88.1% (with fracture duration decreasing from 19.7 m to 2.4 m) and 2.9%, 26.5%, 52.9%, 82.4%, and 85.3% (from 3.4 m to 0.5 m), respectively. For AS samples, fracture rate acceleration stabilizes when the loading rate exceeds 0.15 mm/min, whereas for SS samples, this stabilization occurs only when the loading rate exceeds 5 mm/min.
Considering factors such as crack deviation and strain variation intensity, this study placed five equidistant strain monitoring points along the central vertical line of AS and SS samples at loading rates of 0.05, 0.15, and 5 mm/min, as depicted in Figure 13. Surface strain data were extracted from 400 (50) frames before and 500 (100) frames after crack initiation for AS (SS), totalling 900 (100) frames. Due to the greater ductility of AS, 1,000 frames were extracted for AS-0.05, plotting horizontal strain variations in Figure 15.
[image: Figure 15]FIGURE 15 | Strain gauge recording data: (A) AS-0.05; (B) AS-0.15; (C) AS-5.0; (D) SS-0.05; (E) SS-0.15; (F) SS-5.0. AS= argillaceous sandstone; SS= siliceous sandstone; AS-0.05 denotes the experimental results for the AS specimen tested at a loading rate of 0.05 mm/min.
Figure 15 illustrates that the horizontal strain slope at midline points of AS and SS increases as they approach the lower tensile zone, particularly at higher loading rates. Under bending loads, high-strain zones initially appear in the lower central part of the samples, releasing stored elastic energy as cracks propagate upward. Consequently, both AS and SS exhibit higher strain rates in the lower section under varying loading rates. For AS, the midline exhibits a pattern of E > D > C > B > A, indicating higher strain nearer the lower tensile zone. SS shows a similar pattern at loading rates below 5 mm/min; however, at higher rates, the pattern reverses (E < D < C < B < A), reflecting lower strain in the lower tensile zone due to rapid fracture rates. The rapid fracture rate of SS at higher loading rates results in crack penetration within 12 frames, limiting pre-failure deformation and explaining the lower strain in the lower tensile zone. AS’s ductility prevents this reversal even at loading rates up to 15 mm/min. Surface crack area increases with loading rate for both AS and SS, with AS exhibiting a decelerated increase due to differing fracture modes, while SS shows a continuously rising trend due to higher energy release at higher loading rates and faster-moving fracture fragments.
4 DISCUSSION
The results and analysis presented reveal that the rock cement and loading rate play a significant role in the tensile fracture strength, energy release, and failure modes of rocks. Previous studies have shown that the rock cement can influence the failure characteristics of rock masses (Sergio et al., 2023; Shkuratnik et al., 2014). It can be found that the Acoustic Emission (AE) evolution law exhibits a clear correlation with the fracture stages and strength characteristics of rocks. This finding contributes to analyze the effects of rock property and mining speed on the tensile fracture of overlying rock layer in coal mines. Furthermore, this study demonstrates that the multifractal theory is an effective approach for identifying the micro-fracture characteristics of rocks. The real-time monitoring data, such as the amplitude, energy, event counts of AE, can be utilized to approximate the type and failure velocity of overlying rock layers. The stress level and fracture behavior of the overlying strata could be assessed, facilitating real-time adjustments to mining parameters. In comparison to argillaceous sandstone (AS), siliceous sandstone (SS) displayed more rapid and penetrative crack propagation, accompanied by a sharper elastic energy release and a higher disaster risk. Future research should be conducted to explore the variations of energy release associated with the rock type and mining speed under coal mining.
5 CONCLUSION
This study analyzes the influence of rock mineral composition and loading rate on the tensile fracture characteristics through the examination of Acoustic Emission (AE) signals and Digital Image Correlation (DIC) images. The main conclusions are as follows:
The tensile fracture of sandstone under three-point bending is categorized into the tension and elastic stage, the plastic failure stage, and the residual stage. The argillaceous rock shows a lower fracture strength than the siliceous rock. The tensile fracture of the argillaceous sandstone obviously displays the ductile characteristics. The tensile cracks of the siliceous sandstone rapidly propagate and through the specimen under varying loading rates, while no penetrating cracks are observed in the argillaceous rock.
The multifractal parameter Δα increases and fluctuates with the loading rate in both types of sandstone during Stages I and II. The argillaceous rock exhibits more distinct multifractal characteristics of AE signals. With an increase in loading rate, the proportion of tensile-shear mixed microcracks and large-scale shear microcracks increase, and small-scale tensile microcracks decrease.
The macroscopic crack propagation rate is slower in the argillaceous rock than that of the siliceous rock. The horizontal strain at the bottom center shows higher slope and peak values compared to the top. The peak strains in the bottom and top remain consistent at the loading rates below 5 mm/min, while the strain in the bottom is less than in the top at the loading rates above 5 mm/min.
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