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The surrounding rocks in deep roadways frequently undergo dynamic disturbances caused by adjacent blasting or mining activities. These dynamic disturbances lead to the propagation and coalescence of cracks in the surrounding rock, inducing dynamic disasters in the roadways. However, the mechanisms of rock crack propagation and the roadway failures, induced by dynamic disturbances under different blasting positions and strengths, remain unclear. To investigate the dynamic disturbance of deep roadway surrounding rocks, large-scale physical model tests are carried out on the dynamic instability of surrounding rock under high in situ stress and dynamic disturbance. The dynamic instability failure modes under different disturbance loads and positions are analyzed. The results suggest that under conditions of high ground stress, cracks initiate in stress concentration zones in deep roadways. As disturbance intensities increase, these cracks can further extend, leading to the rapid failure of the surrounding rock. The location of dynamic disturbances influences the failure process of the surrounding rock in deep roadways. Under such stress conditions, stress concentration often occurs at the arch shoulder and arch bottom of the roadway. When the source of dynamic disturbance changes from the side wall to the arch, it is more likely to cause damage within the stress concentration zones in the arch shoulder and arch bottom, which can result in instability and failure of the roadways.
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1 INTRODUCTION
The deep rock dynamic disaster is characterized by sudden occurrence and heavy destruction, posing a difficult problem to study and solve (Zhang et al., 2012; Chen et al., 2016; Zhou et al., 2020; Zhang et al., 2024). The coupling effect of high in situ stress and dynamic disturbances is a crucial factor in inducing deep rock dynamic disasters (Liu SM et al., 2020; Pan et al., 2020). The variation of the in situ stress state is closely related to various factors, and high in situ stress affects stope stability and the risk of floor water inrush (Li et al., 2021). In deep underground engineering, as the buried depth increases, the surrounding rock strength tends to increase, and deep rock often exhibits significant ductility (Huang et al., 2015; Wu et al., 2020). Floor heave frequently occurs in coal mine deep roadways, causing serious obstacles to mine transportation and normal production activities. To address the problem of floor stability, Li et al. established a mechanical model to analyze the stability of roadway floor heave (Zhou, et al., 2022).
During the construction process, the deep surrounding rock often encounters external dynamic disturbances, causing the state of deep rocks to change from ductility to brittleness, which can induce serious dynamic instability disasters such as rock bursts and shock bumps (He et al., 2012; Zhang et al., 2012; He et al., 2010; Wu et al., 2022). With the increasing demand for energy, multiple coal seam mining has emerged, and the rock layer between the two coal seams is influenced by repeated mining disturbances, making it prone to rotational instability and difficult to maintain gob-side entries in the lower coal seams (Liu et al., 2022).
As deep coal mining technology advances, the failure degree of roadway surrounding rocks will become increasingly intense under the complex stress field environment, and the occurrence of rock bursts will also increase significantly. Similar dynamic disasters occur in various deep underground projects (Zhang et al., 2012). During the process of coal seam mining, roadway surrounding rock control and support stability are crucial for normal mine operation. Researchers have studied the roof movement and deformation of an ultra-large height mining face and obtained the working resistance of the mining face and the multiple positions of spalling by introducing the equivalent immediate roof concept (Liu K et al., 2020; Wang et al., 2022). The dynamic response of deep rock mass often exhibits obvious sudden characteristics (Cai et al., 2007; He et al., 2015; Yu et al., 2017; Yu et al., 2020; Wu et al., 2024; Wei et al., 2024). When the rock mass accumulates a large amount of energy, the energy is suddenly released due to dynamic disturbance, causing phenomena such as spalling and ejection of surrounding rocks (Zhou et al., 2020). Due to the special geomechanical conditions in deep engineering, dynamic disturbances can easily cause engineering problems such as water and mud inrush, large deformation of rock mass, and large-area collapse (Zhang et al., 2022). Therefore, it is necessary to conduct systematic research on the fracture process and dynamic instability characteristics of deep roadway surrounding rocks under high ground stress conditions.
The large-scale physical model test is an important means to study the instability mechanism of deep underground engineering, effectively reflecting the mechanical response of rock mass. To observe the rock failure process, many researchers use high-speed cameras (Wei et al., 2023), acoustic emission techniques (Wei et al., 2021), 3D printing (Miao et al., 2021; Ameri et al., 2020), CT technology, and digital image correlation (DIC) to record and analyze the rock crack propagation process (Li et al., 2007; Jia et al., 2013). Šílený and Milev conducted rock burst simulation experiments in a gold mining site, analyzing the accuracy of rock burst prediction using the principle of seismic wave monitoring and the ejection speed of ejection blocks during rock bursts with high-speed photography (Šílený and Milev, 2006). He et al. developed a simulation experimental system for deep rock bursts to simulate the occurrence of rock bursts by loading or unloading in a certain direction under a true triaxial device, and detected the rock failure process using acoustic techniques (He et al., 2010; He et al., 2012). Du et al. conducted true triaxial unloading and local disturbance tests on three different rock samples and found that the disturbance direction has little influence on dynamic instability. When the value of the disturbance load reaches a certain threshold, rock burst damage can be induced (Du et al., 2016). Gong et al. used a large-scale true triaxial test system to conduct experimental research on three-dimensional caverns with prefabricated holes and developed a real-time video monitoring system to observe the occurrence of rock bursts in the wall of the hole (Gong et al., 2018). The above research has made significant progress in physical model testing under static-dynamic coupling loading. However, the dynamic load is mainly two-dimensional dynamic impact loads, which limits the understanding of dynamic instability in high-stress roadways induced by dynamic loads. Additionally, there are few monitoring methods, which hinders further revelation of the mechanism under dynamic disturbance and high static stress coupling.
The DIC technology can be utilized to analyze the rock failure process. Sutton et al. improved the theory related to digital image technology and applied this method to study the changes in the displacement field during crack propagation (Zhang et al., 2012). Many researchers use DIC technology to observe and analyze the rock failure process (Molina-Viedma et al., 2019; Li et al., 2020; Qi et al., 2022). Therefore, digital image technology can be employed to observe the fracture process of roadway surrounding rock under dynamic disturbances and analyze the deformation and failure mechanisms of surrounding rock under dynamic disturbance. In this paper, we focus on two key factors: high stress and dynamic disturbance. We analyze the dynamic instability of a large-scale physical model of deep roadway surrounding rocks based on DIC technology and study the dynamic response and fracture characteristics of deep roadway surrounding rocks.
2 MODEL TEST METHOD AND THE DIC MONITORING SYSTEM
2.1 Loading equipment
To study the dynamic instability and failure mechanisms of deep roadways, we have developed a dynamic-static coupling loading test system to conduct large-scale physical model tests. The test system is shown in Figure 1. The loading system mainly consists of two parts: vertical stress and lateral stress loading systems. This system can apply active loads in both vertical and horizontal directions on the specimen, with the maximum loading stress reaching 10 MPa.
[image: Figure 1]FIGURE 1 | Model test system for dynamic and static combined loading of deep roadway: (A) Test system schematic, (B) Test system physical picture.
The loading system comprises a uniform loading mechanism, an electro-hydraulic servo actuator, a servo oil pump system, and a multi-channel control system. The upper load is applied through a dual-mode control system that combines pressure and displacement control. The system achieves a displacement control accuracy of 0.01 mm and a minimum loading speed of 0.01 mm/s. Lateral loading is regulated by an independent servo pressure system, capable of realizing arbitrary gradient loading. To effectively mitigate the reflected wave generated by the explosion shock wave at the model boundary, 5 mm thick aluminum alloy wave-absorbing plates are positioned on the loading surfaces (Figure 1B).
2.2 Preparation of similar materials for physical model samples
The simulation project of the physical model test is the coal deep roadway in Shandong Province, China. We use fine sand strata from the roadway as the main body of equivalent materials configuration. The section of the roadway is in the shape of circular arches and straight walls (Figure 2A). The radius of the semi circular arch of the roadway is 2700 mm, the height of the straight wall is 1350 mm, and the width of the roadway section is 5400 mm. The density of the fine sand layer is 2,569 kg/m3, the compressive strength is 78.15 MPa, the elastic modulus is 16.68GPa, and the internal friction angle and cohesion are 6.4 MPa and 33°, respectively. The horizontal principal stress and vertical principal stress of the deep roadway are 33.4 MPa and 20MPa, respectively.
[image: Figure 2]FIGURE 2 | Real and model roadway section size. (A) Real raodway section sizes. (B) Physical model roadway sizes.
Based on the similarity principle, the geometric similarity ratio and stress similarity ratio of the physical model are 0.037 and 0.025, respectively. Using sands and talc powders as aggregates and cement as cementitious materials, five different ratios of similar materials are set up to simulate the surrounding rock, as shown in Table 1. We have made the axial compression specimens, brazilian split specimens and shear specimens with the similar materials to test the compressive strength σc and elastic modulus E (Figures 3A,B), tensile strength σt (Figure 3C), cohesion C and internal friction angle φ (Figure 3D).
TABLE 1 | Quality percentage of each component with different ratio.
[image: Table 1][image: Figure 3]FIGURE 3 | Physical mechanics property tests: (A) Uniaxial compression sample, (B) Crack propagation, (C) Brazilian splitting tests, (D) Wedge torsional shear specimen.
To reduce data discreteness, three samples are poured for each ratio of similar materials. Select samples for each ratio and draw stress-strain curves as shown in Figure 4. As the percentage of sand increases, the peak load of the samples gradually decreases (Figure 4A), and the tensile strength of the samples also gradually decreases (Figure 4B). Calculate the average of the mechanical parameters for the three samples under the same ratios, as shown in Table 2. The density of the samples in different groups is similar, ranging from 1728 to 1740 kg/m³. According to the similarity theory, the required uniaxial compressive strength and elastic modulus of the material should be 1.95 MPa and 0.42 GPa, respectively. Compared with the data in Table 2, the B group samples with a material ratio of 12:1:1.12:1 are the closest. The mixture ratio of the physical model samples is sand: cement: talcum powder:water = 12:1:1.12:1.
[image: Figure 4]FIGURE 4 | Mechanical curves of similar material specimens. (A) Stress-strain curve. (B) load-displacement curve.
TABLE 2 | Physical and mechanical parameters of similar materials with different proportions.
[image: Table 2]The dimensions of the roadway model are shown in Figure 1B (1,200 mm in length, 1,200 mm in height, and 300 mm in width). During the preparation process of the physical model, weigh the river sand, talcum powder, cement, and water according to the similar proportions. Put the river sand, talcum powder, and dry cement into the mixing basin and mix them evenly. Then, pour a small amount of the weighed water into the mixing materials. The similar materials are loaded into the molds in four layers, and each layer is compacted within the mold. After the sample is made, it is placed at room temperature for 24 h. When the sample is basically formed, remove the surrounding molds and allow it to cure at room temperature for 14 days.
2.3 Test loading scheme and DIC analysis system
After the physical model specimen is made, it is first subjected to static loading. The deep tunnel is located is subjected to a horizontal principal stress of 33.4 MPa and a vertical principal stress of 20 MPa, with the maximum horizontal principal stress being 1.5 to 1.8 times the vertical stress. According to the principle of stress similarity, the initial boundary stress conditions for the physical model test are calculated as horizontal initial stress of 0.84 MPa and vertical initial stress of 0.5 MPa (Figure 5A). When the confining pressure is applied, an explosive load is also applied to provide dynamic disturbance, which can induce dynamic instability in the surrounding rocks. The disturbance source is selected at a position outside 4 times the diameter of the roadway. The design position of the disturbance source is shown in Figure 5B. During the dynamic loading process, RDX (Hesogen) detonating cord is used as the disturbance source and is detonated by a detonator (Table 3). Since the disturbance loading tests are conducted four times under different dynamic disturbance energies, the corresponding simulation target value can be set by controlling the length of the detonating cord (Figure 6). During the installation process, the detonating cords and detonators are bound together and placed in the pre-cut hole slot. To study the influence of disturbance load on deep roadways, four dynamic disturbances (n = 1, 2, 3, 4) are carried out, with explosive charges of 3 g TNT, 6 g TNT, 9 g TNT, and 15 g TNT respectively for each disturbance.
[image: Figure 5]FIGURE 5 | Loading method: (A) static loading, (B) dynamic disturbance loading.
[image: Figure 6]FIGURE 6 | Disturbance device: (A) detonating cord and detectors, (B) detonation control equipment.
TABLE 3 | Basic properties of hesogen.
[image: Table 3]The XTDIC three-dimensional digital speckle strain measurement system is used in the test, providing 18 deformation strain calculation functions (Figure 7). The high-speed dynamic analysis system employs a 12-bit SR-CMOS image sensor, with a resolution of 2048 × 2048 and an acquisition rate of 1,000 frames per second. The camera’s frame frequency range spans from 0 to 50,000 FPS. The maximum measurement range can reach several tens of meters, and the strain measurement accuracy covers the range from 0.01% to 1,000%.
[image: Figure 7]FIGURE 7 | XTDIC digital image correlation system: (A) DIC monitoring system, (B) DIC software analysis system.
Figure 7B shows the analysis areas in the model test. In this figure, the blue grids represent the speckle areas, while the yellow grid points are the seed points. The monitoring range of the DIC system extends 30 mm from the left and right sides of the roadway, and 50 mm from the floor and roof.
The analysis process is as follows: (1) Create the speckle area in the collection image, and set the speckle size as 10 and the step length as 20; (2) Create seed points in the analysis area and make them cover all the calculated region; (3) Carry out calculation and analyze the evolution process of displacement and strain fields.
3 THE DISPLACEMENT EVOLUTION AND INSTABILITY FAILURE CHARACTERISTICS IN SURROUNDING ROCKS UNDER DYNAMIC DISTURBANCE
We select the typical displacement field of the roadway after the first dynamic disturbance loading (N = 1), as shown in Figure 8. Under the left disturbance loading (#1), both sides of the roadway move to the right. The left side displacement of the roadway is relatively larger, which is due to the attenuation of the strength and energy of stress waves during stress wave propagation. The roadway roof moves upward, and the roadway floor moves downward during the disturbance of dynamic loading. The displacement distribution program of the roadway exhibits a characteristic of layering, which conforms to the diffusion effect of spherical waves and has a high consistency with the displacement field distribution of surrounding rock in deep roadways under actual dynamic disturbance. Therefore, the analysis results based on DIC technology are highly reliable.
[image: Figure 8]FIGURE 8 | The distribution of roadway displacement field after the first disturbance: (A) displacement in X direction, (B) displacement in Y direction.
Figure 9 illustrates the relative displacements of the roadway roof and floor in the Y direction under different dynamic disturbances. The relative displacements of the roadway’s roof and floor exhibit obvious fluctuations. The relative displacements of the roadway’s roof and floor reach their peak values during the loading period of 8 ms–10 ms. Under the first two disturbances (#1, #2), the relative displacement of the roadway’s roof and floor first increases to a positive peak value. Conversely, under the latter two disturbances (#3, #4), the relative displacement decreases to a negative peak.
[image: Figure 9]FIGURE 9 | Relative displacement of roadway roof and floor under different disturbance intensifies and positions.
When the disturbance sources (#1, #2) are located on the side of the roadway, the explosion stress waves transmit from the side sections to the roof and floor of the roadway. Consequently, the roof and floor of the roadway are subjected to compressive stress in the Y direction. Therefore, during the first two disturbances, the relative displacement of the roadway’s roof and floor increases. When the disturbance sources (#3, #4) are located in the upper part of the roadway, the stress wave generated by the explosion first transmits to the roadway roof and then to the two sides. As a result, the relative distance between the roof and the floor decreases significantly in the Y direction. With the increase in disturbance intensity, the peak values of the relative displacement of the roadway’s roof and floor increase significantly.
Figure 10 depicts the relative displacement curve of the two sides of the roadway under different dynamic disturbances. The disturbance sources (#1, #2, #3) are located in the left part of the roadway, causing the roadway wall to be subjected to a compressive stress wave in the X direction. This results in the two sides of the roadway moving to the right. With the increase in disturbance intensity, the relative displacement peak value on both sides increases rapidly. During the fourth dynamic disturbance, when the disturbance source is above the roadway, the roadway is subjected to compressive stress in the Y direction. Additionally, the stress on the two sides increases in the X direction, leading to an increase in the relative displacement of the two sides of the roadway.
[image: Figure 10]FIGURE 10 | Relative displacement of two sides of roadway under different disturbance intensifies and positions.
The change in disturbance position and intensity has a significant impact on the relative displacement and dynamic instability failure characteristics of the roadway. When the disturbance sources are located at the side of the roadway, stress waves are transmitted from the side to the roof. The roof and floor of the roadway are subjected to compressive stress in the Y direction, leading to an increase in the relative displacement of the roof and floor under the influence of the first two disturbances. There are obvious tensile cracks on the left side of the roadway and spalling on the right side, as shown in Figure 11. When the disturbance sources are located above the roadway, the stress wave is first transmitted to the roadway roof and then to the two sides, causing a large number of rock fragments to appear around the roadway and large rock blocks to fall off the roof and side walls.
[image: Figure 11]FIGURE 11 | Instability characteristics of roadway after dynamic disturbance.
Therefore, the stress states of the surrounding rock change under different disturbance positions and intensities, changing the displacement and dynamic failure process of the surrounding rocks in deep roadways. Especially with the increase in disturbance intensity, the displacement of the surrounding rocks rapidly increases, resulting in the sudden release of a large amount of accumulated elastic energy. This can cause the collapse and ejection of the surrounding rocks.
4 DYNAMIC INSTABILITY EVOLUTION PROCESS OF SURROUNDING ROCK OF DEEP ROADWAY UNDER DYNAMIC DISTURBANCE
Under high-ground stress conditions, the surrounding rocks of deep roadways develop damaged areas, leading to crack propagation and stress concentration in those areas. The cracks can extend further under dynamic disturbance, resulting in the dynamic failure of the surrounding rock. The failure and instability process of surrounding rocks in roadways under different dynamic disturbance positions and intensities is shown in Figures 12–15.
[image: Figure 12]FIGURE 12 | Evolution characteristics of strain field of roadway surrounding rock under the first disturbance.
[image: Figure 13]FIGURE 13 | Evolution characteristics of strain field of roadway surrounding rock under the second disturbance.
[image: Figure 14]FIGURE 14 | Evolution characteristics of strain field in surrounding rock of roadway under the third disturbance.
[image: Figure 15]FIGURE 15 | Evolution characteristics of strain field in surrounding rock of roadway under the fourth disturbance.
To reflect the dynamic evolution process of high ground stress roadways under different disturbance intensities and positions, we utilize Digital Image Correlation (DIC) technology to calculate the surface strain field of the surrounding rock, and select the typical maximum strain field cloud under different disturbance loads. Stress concentration areas appear at the arch crown, arch bottom, and arch shoulder positions of the roadway under high ground stress, due to which these areas suffer from damage, causing crack initiation. Under the first disturbance loading (#1) on the left side of the roadway, the evolution process of the maximum principal strain cloud is shown in Figure 12. With the propagation of stress waves, the initial cracks further extend under dynamic disturbance. The central position of the roadway roof experiences a displacement at 8 ms. A small portion of the surrounding rocks breaks off and falls into the roadway, new cracks begin to form in the roadway floor, and the spalling phenomenon of surrounding rocks also occurs on the right side of the roadway. Finally, the roadway is basically stable at 20 ms, and there are obvious macro cracks on the roadway floor, and the two cracks on the roadway floor propagate and merge into one. Under the second disturbance, the disturbance intensity increases, leading to higher stress concentration areas and strain values. The cracks in the roadway floor propagate further, and the failure of roadway surrounding rocks mainly occurs near the floor (Figure 13).
With the increase in disturbance intensity and the change of disturbance position, the evolution process of the maximum principal strain field in the roadway surrounding rock under such disturbances is shown in Figures 14, 15. The laws governing the fracture process and strain evolution indicate that an increase in disturbance intensity promotes crack propagation and coalescence, especially in stress-concentration areas of roadways. Some surrounding rock fragments are ejected and break off on the right side of the roadway. In addition, during the third disturbance, the original cracks at the roadway floor further propagate and coalesce with cracks on the left side of the roadway (Figure 14).
Under high-ground stress conditions, stress concentration is prone to occur in the arch shoulder and arch bottom of the roadway. When the source of dynamic disturbance shifts from the side to the arch, it becomes easier to cause fracture damage along the stress concentration zones in the arch shoulder and arch bottom, leading to instability and failure of the roadway. The fourth disturbance source is located directly above the roadway (Figure 15). During the disturbance loading, significant deformation occurs in the arch bottom and arch shoulder of the roadway, causing some rock to peel off. As the stress wave propagates, the deformation further increases, ultimately leading to the collapse of the surrounding rocks. Due to the high intensity of the dynamic disturbance, the surrounding rock of the roadway becomes unstable within a short period under the fourth dynamic disturbance, resulting in serious failure in the roadway.
Through four cycles of dynamic disturbances, it is observed that as the number and intensity of the disturbances increase, the number of cracks and the extent of damaged areas in the surrounding rock of the roadway also increase. Multiple fragments of the roadway surrounding rock appear to peel off, and the ejection of rock fragments can be observed. Additionally, the failure of the roadway occurs suddenly.
5 CONCLUSION
In this study, we design a model test system for dynamic and static coupling loading and conduct large-scale physical model tests on the dynamic instability of surrounding rock under high in-suit stress and dynamic disturbance. The dynamic fracture process of deep roadway surrounding rocks is analyzed under different disturbance intensities and positions.
(1) The large-scale physical model test method and similar materials for physical models of deep roadways under dynamic disturbance are designed. An improved deep roadway dynamic and static combination loading model test system are established to achieve dynamic instability and disaster simulation of deep roadway surrounding rock and the dynamic load disturbances are provided by the detonator and detonating cord.
(2) Under high-ground stress conditions, cracks initiate in the stress concentration zones of deep roadways, and cracks can further extend under dynamic disturbance, which promotes the dynamic failure of the surrounding rock. With the increase in disturbance intensities, the displacement and strain of the stress concentration zones in surrounding rocks rapidly increase, and a large amount of accumulated elastic energy is instantly released, which can cause the collapse of the surrounding rocks.
(3) The location of dynamic disturbances influences the failure process of surrounding rock in deep roadways. Under high-ground stress conditions, stress concentration is prone to occur in the arch shoulder and arch bottom of the roadway. When the source of dynamic disturbance changes from the side to the arch, it is easier to cause fracture damage along the stress concentration zone in the arch shoulder and arch bottom, leading to instability and failure of the roadway.
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