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The mechanisms by which continuous underground coal mining induces surface subsidence and adversely affects transmission towers within the region remain incompletely understood. This study takes the Wenjiaba mining area in Zhijin County, Bijie City, Guizhou Province, China, as a case study to elucidate these mechanisms. The research integrates field forensic investigations, laboratory-scale physical modeling, and two-dimensional discrete element numerical simulations. The study revealed that coal mining induces progressive failure of the overlying strata, with primary joints serving as the dominant pathways for fracture propagation. When the coal face advances to 150 m, the goaf roof collapses in a simply supported beam failure mode. By the time the coal face reaches 200 m, fractures have extended to the surface. As mining continues, the fractal dimension of cracks in the slope model progressively increases, with rock mass failure primarily governed by the activation of primary joints and bedding planes. Surface subsidence is identified as the key factor driving the differential settlement of transmission tower foundations. The 2D DEM simulation results further reveal that transmission tower 1, located at the edge of the mined-out area, has a tilt of approximately 0.55%, whereas transmission tower 2, situated at the center, exhibits a foundation tilt exceeding 2.2% due to greater subsidence. This study provides scientific support for risk assessment of power transmission infrastructure in coal mining regions of southwestern China.
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1 INTRODUCTION
Coal remains the cornerstone of China’s energy structure and holds significant strategic importance. As the focus of coal mining shifts westward, regions such as Sichuan and the Yunnan–Guizhou regions have emerged as new hubs of production. However, intense mining activities in these regions have led to increasingly severe surface subsidence problems. For every 10,000 tons of coal mined, a 0.29 km2 subsidence area is generated. In the Yunnan–Guizhou region, the cumulative subsidence area caused by mining has reached 1,600 km2, accounting for 10% of the national total national area. Simultaneously, the west-to-east power transmission strategy has driven the large-scale expansion of ultrahigh-voltage power grids through regions with complex geological conditions. This renders goafs a significant threat to transmission safety. Mining-induced strata stress redistribution, characterized by a “three-zone” movement pattern—comprising the caving zone, fracture zone, and bending zone—leads to the formation of surface subsidence basins (Shi, 2016). This results in differential settlement and horizontal displacement of tower foundations, which subsequently lead to tower inclination, stress concentration within structural components, and in extreme cases, instability or collapse. Such failures can trigger cascading power outages. Notably, the combined effects of rock mass fracturing and mining-induced disturbances in the Yunnan–Guizhou karst region significantly exacerbate the risk of tower deformation.
The theoretical understanding of ground surface deformation mechanisms due to coal mining has evolved over time. Early models, such as the cantilever beam and pressure arch theories, were supplanted by critical layer theory, which emphasizes stress redistribution driven by stiffness variations in overlying strata (Qian et al., 2001; Qian et al., 1994). In terms of prediction methods, approaches such as the probability integral method (Gou et al., 2019), three-dimensional rheological models (Kratzsch, 1986), and multifield coupling algorithms (Wang et al., 2022) have laid a theoretical foundation for subsidence control. However, these traditional models are typically based on assumptions suitable for plain regions and fail to adequately account for the terrain effects in mountainous regions. To address this gap He and Kang (1992) introduced a topographic gradient correction factor, which improved the prediction accuracy in mountainous regions to 82%. Nevertheless, the deformation and failure mechanisms of steeply inclined fractured rock slopes under mining activities remain inadequately understood. Recent advances in numerical simulation techniques, such as the FEM-DEM coupled algorithm, have significantly enhanced the efficiency of subsidence prediction for steeply inclined coal seams (Zhang et al., 2022). Additionally, three-dimensional elastoplastic models have achieved millimeter-level dynamic corrections for deformation in kilometer-deep shafts (Sepehri et al., 2017). Despite these advancements, current models still exhibit limitations in representing anisotropic behavior and accurately characterizing ground surface cracking. With respect to the impact of coal mining on transmission towers, previous studies have identified a composite damage mechanism involving both vertical and horizontal displacements. Differential settlement increases the overturning moment on tower foundation, whereas horizontal displacement leads to asymmetric loading on the tower structures. Furthermore, ground curvature deformation, governed by the foundation–structure coupling effect, induces additional concentrated bending moments (Fu et al., 2022; Yuan et al., 2018; Lu et al., 2024; Li et al., 2012). Numerical simulation results indicate that excessive differential settlement in tower foundations leads to stress concentrations in structural components (Dai et al., 2009; Sun, 2017). While studies on the interaction between towers and foundations have developed antideformation design methods, enhanced composite foundation performance, and introduced settlement evaluation systems for transmission towers (Guo and Zheng, 2011; Zhang et al., 2018), a systematic understanding of the deformation mechanisms of tower foundations and structures under extremely gentle slope mining conditions is still lacking. This is particularly true for the dynamic response patterns of fractured rock masses. Furthermore, there is an urgent need to refine the relevant safety evaluation criteria for transmission towers in such environments.
To address these limitations, this study investigated the disaster chain mechanisms in the Yunnan–Guizhou karst region, with a focus on the full process of coal mining-induced slope deformation and its impacts on tower structures. The research methodology combined physical model experiments with two-dimensional discrete element numerical simulations. A scaled physical model of a gently inclined fractured rock slope was constructed to simulate the deformation and failure mechanisms induced by coal mining. A two-dimensional discrete element model was subsequently developed to characterize the rock mass fracture network. This integrated approach revealed the mechanisms of slope failure and tower foundation deformation during coal mining. The findings provide a scientific basis for risk assessment of transmission towers in coal mining areas in the Yunnan–Guizhou region.
2 GEOLOGICAL AND ENGINEERING BACKGROUND OF THE STUDY AREA
The study area is located at the Wengjiaba coal mine, which is located in the Wengteng subdistrict of Zhijin County, Bijie city, Guizhou Province, China (Figure 1a). Its geographical coordinates range from 26°35′58″N to 26°39′56″N and 105°37′19″E to 105°42′12″E. The region has an average elevation of approximately 1,443 m and is located just 157 km from the provincial capital, Guiyang. This ensures convenient accessibility. The study area falls within a subtropical plateau monsoon humid climate zone, which is characterized by a long-term average temperature of approximately 15 °C. The average temperature during the coldest period is −2.8 °C, whereas it is approximately 22.5 °C during the hottest period. The study area receives abundant rainfall, with an average annual precipitation of approximately 1393.3 mm. However, the spatial and temporal distributions of rainfall are relatively uneven. The rainy season (May-October) accounts for 87.4% of the total annual precipitation, whereas the dry season (December-March of the following year) contributes only 6.1%. The annual precipitation varies significantly from 791.5 to 2105.5 mm (Figure 1b). In recent years, extreme weather events have exacerbated the vulnerability of the region. Heavy rainfall has caused widespread flooding, which has damaged numerous houses, triggered multiple landslides, and disrupted traffic transportation networks. Additionally, underground coal mining has resulted in the formation of numerous mining-induced cracks on the slope surfaces, which further compromise slope stability. These factors have posed severe implications for the foundations of high-voltage transmission towers in this area.
The results of field investigations revealed that since February 2024, the study area has experienced extensive ground deformation and cracking. Multiple surveys were conducted to document ground surface cracks above the mining face from February to October 2024. As a result, a total of approximately 42 ground surface cracks were identified, as shown in Figure 2a. These cracks are predominantly located above or near the edges of goafs within forested and agricultural lands. Their orientations are generally aligned with those of the underlying goafs. The presence of these ground surface cracks has caused significant disruptions and damage to roads, and in some cases, cracks have extended beneath transmission towers, compromising the stability of their foundations. Figure 2b illustrates the conditions of ground surface cracks beneath Tower 1. A penetrating crack was observed directly beneath Tower 1. This caused significant differential settlement on either side of the tower foundation, which has led to a noticeable tower inclination. For Tower 2, which is located in the same region (Figure 2c), two parallel penetrating cracks were identified during the on-site investigation. Although these cracks did not directly intersect the tower foundation, they still adversely affected its stability. Both transmission towers, which are located above the goaf, are within the influence zone of overlying strata movement and deformation. The observed deformation of the transmission towers is attributed to subsidence and deformation of the overlying strata in the goaf. Overall, the transmission towers exhibit localized inclination as a result of ground deformation. They remain at risk of further instability due to residual deformation in the goaf and potential future subsidence from planned mining activities. The likelihood of additional foundation subsidence or cracking poses a significant threat to the safe and reliable operation of transmission towers.
[image: Map showing Guizhou Province in China. The left panel highlights Guizhou Province in blue on a map of China. The right panel is a topographic map of Guizhou, indicating elevation with colors ranging from green to brown, with highways in red and rivers in blue. Major cities like Bijie, Zhijin, and Guiyang are marked.]FIGURE 1 | Location of the study area. (a) Geographical location of Guizhou Province. (b) Location of the Wengjiaba coal mine in Zhijin County, Bijie city, Guizhou Province, China.[image: Aerial images showing an area with transmission towers and terrain features. Panel (a) highlights transmission tower locations, profile lines, and surface cracks in a forested and terraced landscape. Panels (b) and (c) provide closer views of a transmission tower surrounded by trees, with visible structural and vegetation details.]FIGURE 2 | Current situation of the study area: (a) Ground surface cracks and projection above the goaf at the Wengjiaba coal mine, which were identified through field investigations. (b) Penetrating crack beneath Tower 1. (c) Penetrating cracks on both sides of Tower 2.Field investigations conducted on May 22, 2024 revealed that the penetrating crack beneath Tower 1 has a width ranging from 5 to 10 cm and a locally visible depth of approximately 1.5 m. The displacement difference on both sides of the crack measured approximately 3–5 cm, and the deformation continued to progress at a slow rate (Figure 3). This has caused misalignment of the tower foundation and visible deformation of the tower structure, which potentially leads to an overall collapse of the transmission tower. Therefore, the impact of ground surface cracking induced by underground mining activities on the stability of transmission tower foundations in the study area requires urgent attention. This is particularly critical for assessing the failure risks of transmission towers in coal mining areas, which are prevalent throughout the Yunnan–Guizhou region.
[image: Forest scenes show the base of an electric tower surrounded by vegetation. The left image has a white dashed line indicating a slope in dense greenery. The right image shows a greener area with a similar line beside a tower’s concrete footing, possibly indicating ground shifts or paths.]FIGURE 3 | Cracks at the foundation of Tower 1: (a) Overview of the penetrating cracks; (b) Current situation of the tower foundation after being split by penetrating crack.Figure 4 shows a representative geological cross-section of the study area, where the section line is indicated in Figure 2a, and the section direction is 243°WS. The exposed strata in the study area, from oldest to youngest, are the upper Permian Longtan Formation (P3l), the upper Permian Changxing-Dalong Formation (P3c+d), the Lower Triassic Yelang Formation (T1y), and the Quaternary (Q) residual and slope deposits. The lithological characteristics of these strata are detailed as follows: (1) Upper Permian Longtan Formation (P3l): The lithology of this formation primarily consists of gray and dark gray sandstone, siltstone, and mudstone, which are interbedded with bioclastic limestone and siliceous limestone. This formation contains seven known mineable coal seams. The total thickness of the strata ranges from 247.4 m to 351.3 m. The rock mass is generally dense but prone to weathering. The weathered rock mass is relatively fragmented with well-developed fractures. (2) Upper Permian Changxing-Dalong Formation (P3c+d): This formation is primarily composed of shallow marine chert-bearing limestone, with interbedded calcareous siltstone and mudstone. The layer thickness ranges from 22.67 m to 36.86 m. The rocks exhibit significant hardness and high mechanical strength. (3) Lower Triassic Yelang Formation (T1y): This formation comprises shallow marine limestone, marl, mudstone, sandy mudstone, and siltstone. Although the rock structure is dense, it is prone to weathering. The weathered rock mass is relatively fragmented with well-developed fractures. The mechanical strength of the rock is low, and the integrity of the rock mass is poor. (4) Quaternary Residual and Slope Deposits (Q): These deposits primarily consist of slope deposits, talus, residual subclay, clay, alluvial sand, and gravel. They are predominantly distributed in gullies, gentle slope platforms, and karst depressions in the study area. The thickness of these deposits generally varies from 0 to 20 m. The deposits are mainly composed of subclay and alluvial sand, most of which exhibit a loose structure, although some are relatively dense. The overall mechanical strength of these deposits is low.
[image: Cross-section diagram showing elevation in meters of geological formations. The diagram includes muddy siltstone and limestone layers, with marked segments: T1y1 (Lower Triassic Yelang Formation), P3c + d (Upper Permian Changxing-Dalong Formation), and P3l3 (Upper Permian Longtan Formation). A coal seam and goaf are highlighted at elevations between 350 and 500 meters.]FIGURE 4 | Geological cross section of the study area.The strata in Figure 4 were simplified on the basis of field investigation results to facilitate laboratory-scale physical model experiments. The strata, from top to bottom, included mudstone siltstone, limestone, and coal rock, with the limestone interbedded within the mudstone‒siltstone layers. The cross-section had a bottom length of approximately 720 m and a height of approximately 400 m. The dip angle of the rock layers was very gentle. Coal mining was conducted along the strike direction, resulting in a coal seam dip angle of 0°. Only one coal seam was mined, with an average mining thickness of approximately 2.84 m. The study area is characterized by the development of two prominent joint sets. The first joint set (J1) has a dip direction of 36° and a dip angle of 88°, whereas the second joint set (J2) has a dip direction of 309° and a dip angle of 85°. The average visible trace lengths of J1 and J2 are 1.24 m and 0.78 m, respectively. Similarly, the average spacings of J1 and J2 are 0.82 m and 0.53 m, respectively. These joint parameters serve as the basis for constructing joints in laboratory-scale physical model experiments and for two-dimensional discrete element numerical simulations. Coal mining operations began in November 2023. By October 2024, the working face had advanced 513 m, resulting in a goaf area of 11,299 m2. The mining operation was divided into 10 mining zones, and each zone advanced 50 m, resulting in a total progress of 500 m. On the basis of the dimensions of the laboratory model box, a similarity coefficient CL of 600 was adopted for the physical model.
3 RESEARCH PROTOCOL
3.1 Laboratory physical model test
In this study, the geological cross section illustrated in Figure 4 was used as the prototype for the laboratory physical model test. Physical simulation experiments were conducted to reveal the deformation and failure mechanisms of slopes during coal mining activities. The prototype was scaled down to develop a new similarity model. This requires ensuring physical similarity between the new model and the prototype to accurately simulate the real processes and patterns accurately (Zhang, 2013). The principle of physical similarity plays a central role in constructing physical models and guiding model tests, as it is able to effectively reveal comparable physical phenomena. This principle typically requires adherence to geometric similarity, kinematic similarity, dynamic similarity, and material/medium similarity. According to the fundamental principles of similarity theorems and dimensional analysis (Buckingham, 1914; Zhang et al., 2024; Yi et al., 2022), specific physical quantities were selected as fundamental dimensions for physical simulation experiments, and the similarity coefficients for other variables were derived accordingly. Considering the operability and dimensions of the model box, the model size, mass density, and gravitational acceleration were chosen as the basic control variables. The similarity ratio for model size was set to 600, whereas the similarity ratios for mass density and gravitational acceleration were both set to 1. The similarity coefficients for other variables were then derived on the basis of these similarity relationships. Table 1 presents the variables considered in this experiment and their respective similarity coefficients.
TABLE 1 | Similarity coefficients of the physical quantities in the scaled physical model test.	Property	Physical quantity	Dimension	Similarity relationship	Similarity coefficient
	Control variables	Geometric Size	[L]	Cl	600
	Density	[M][L]−3	Cρ	1
	Gravity	[L][T]−2	Cg	1
	Derived variables	Elastic modulus	[M][L]−1[T]−2	CE = Cl CρCg	600
	Poisson’s ratio		Cμ = 1	1
	Cohesion	[M][L]−1[T]−2	CC = CE	600
	Internal friction angle		Cφ = 1	1
	Stress	[M][L]−1[T]−2	Cσ = CE Cε	600
	Strain		Cε = 1	1
	Displacement	[L]	Cu= Cl	600
	Time	[T]	Ct = Cρ−0.5 CE0.5	6000.5
	Velocity	[L][T]−1	Cv = ClCt-1	6000.5


3.1.1 Physical model testing setup
The physical model testing setup consists of a model box and high-speed photography equipment, as illustrated in Figure 5. The model box measured 180 cm in length, 50 cm in width, and 150 cm in height. Three sides of the model box are made of removable transparent acrylic panels to facilitate the observation of experimental phenomena. The entire structure is reinforced with a stainless steel frame to ensure structural integrity and to meet the requirements of model testing. The high-speed camera used in the experiments is the Qianyanlang 2F04M high-speed camera, which offers a high frame rate of 190 FPS at its highest resolution (2320 × 1720). Additionally, it is capable of achieving an ultrahigh frame rate of up to 2,000 FPS at a lower resolution (640 × 480). This camera is characterized by high performance, high definition, low power consumption, and low noise. These features make it particularly well suited for capturing the deformation and failure processes on the model surface.
[image: (a) A metal-framed enclosure with transparent panels, set against a white background. (b) A close-up of a blue camera with a lens cap labeled "NEX," featuring some text in another language.]FIGURE 5 | Equipment used in the physical model test: (a) Model test box. (b) Qianyanlang 2F04M high-speed camera.3.1.2 Design of similar material proportions
Limestone and mudstone samples were selected from the study area and processed into standard samples under laboratory conditions. Uniaxial compression tests and Brazilian split tests were conducted to determine the compressive and tensile strengths of the samples. Other parameters were derived from previous studies (Zhang et al.). The results of the physical and mechanical properties of the primary rock types in the study area are presented in Table 2.
TABLE 2 | Physical and mechanical parameters of the rock mass in the study area.	Rock type	Density (g/cm3)	Elastic modulus (GPa)	Poisson’s ratio	Cohesion (MPa)	Internal friction angle (°)	Compressive strength (MPa)	Tensile strength (MPa)
	Limestone	2.7	22.6	0.19	10.83	40	92.4	11.3
	Mudstone siltstone	2.3	12.2	0.28	4.2	30	47.63	3.62
	Coal	2.0	1	0.36	1.99	24	19.92	0.92


The selection and configuration of similar materials for physical model testing are critical to ensure the reliability of the test results. The choice and mixing of similar materials directly affect their physical and mechanical properties, which in turn determine the outcomes of the model tests. Similar materials commonly utilize barite powder as the primary material, whereas gypsum or liquid paraffin oil serve as binders. Auxiliary materials, such as quartz sand, zinc oxide powder, iron powder, and bentonite powder, are incorporated to enhance the material’s properties. The specific gravity and elastic modulus of the materials were adjusted to meet the similarity requirements. Owing to its high density and low strength, barite powder is particularly suitable for simulating high-density, low-strength rock masses. In this study, barite powder was chosen as the primary material, liquid paraffin oil was selected as the binder, and quartz sand was chosen as the auxiliary material. This combination not only effectively replicated the properties of the target geological formations but also enhanced the accuracy and reliability of the model tests. Given the low strength and low density characteristics of coal rock, the material combination was further optimized by incorporating bentonite powder, which has a lower strength and density than those of quartz sand. This optimized material combination satisfied the similarity criteria and effectively simulated the complex mechanical behavior of the geological formations.
When laboratory-scale model tests are conducted, discrepancies between experimental results and actual conditions may arise. These differences arise primarily from variations in the physical and mechanical properties of similar materials and actual rock masses, as well as the inherent complexity of real geological conditions, which cannot be fully replicated in laboratory experiments. The primary focus of this experiment was on the influence of gravity on the research target. Therefore, the material proportions were carefully selected to ensure similarity in density and uniaxial compressive strength. Based on the similarity ratios of physical quantities derived from the similarity theorem and relevant parameters, the corresponding material proportions were determined from previous mixing experiments (Yu, 2020; Zhang, 2023), and samples were prepared to validate the feasibility of these proportions. For the Lopingian Changxing-Dalong Formation limestone, a mixture of barite powder, liquid paraffin oil, and quartz sand (30–50 mesh) at a ratio of 65:10:25 was used. For the mudstone siltstone of the upper Permian Longtan Formation, a mixture of barite powder, liquid paraffin oil, and quartz sand (100 mesh) at a ratio of 59:10:31 was employed. A mixture of barite powder, liquid paraffin oil, and bentonite powder at a ratio of 78:11:11 was chosen for the coal.
The mixed materials were weighed and thoroughly stirred to ensure uniformity. The stirred materials were then sequentially loaded into standard cylindrical molds with a diameter of 50 mm and a height of 100 mm. Vaseline was applied to the inner surfaces of the molds to facilitate easy removal of the samples. The materials were manually compacted within the molds, and the tops were trimmed to create smooth, even surfaces. The samples were left undisturbed for 30 min under natural conditions, after which they were removed from the molds and cured under natural conditions for 3 days before the mechanical tests. Uniaxial compression tests were performed under stress control mode at a loading rate of 0.004 MPa/s to determine the compressive strength of similar materials. The detailed compressive strength parameters are presented in Table 3.
TABLE 3 | Proportions and strengths of similar materials.	Rock type	Barite powder	Liquid paraffin oil	Quartz sand (30–50 mesh)	Quartz sand (100 mesh)	Bentonite powder	Weight (kN/m3)	Average compressive strength (kPa)
	Limestone	65	10	25	-	-	25.72	164.5
	Mudstone siltstone	59	10	-	31	-	24.52	118.2
	Coal	78	11	-	-	11	23.41	-


3.1.3 Physical simulation test plan
The mining of coal seams plays a crucial role in physical experiments, as coal seam extraction significantly affects the deformation and failure behavior of the overlying rock mass. Minimizing disturbance during the mining process is essential for ensuring rock mass stability. Previous research (Li, 2020; Ma, 2017; Lan, 2015) has identified several methods for simulating coal seam excavation, including the wooden stick extraction method, the sandbag mining method, and the wax melting method. The wooden stick extraction method involves pre-embedding cylindrical wooden sticks in the model, which are then sequentially removed to simulate mining. This method is cost-effective, intuitive, and provides clear visualization of roof collapse. However, it lacks precision and is unable to replicate complex geological conditions. The sandbag mining method simulates stratified mining by gradually removing stacked sandbags and allows for the simulation of coal seam inclinations ranging from 15° to 60° at a moderate cost. However, the mobility of sand particles increases the risk of accidental model collapse and presents challenges for the installation of precision sensors. The wax melting method uses heating to melt wax in predefined areas to simulate mining. This method offers high precision, supports the simulation of multiple coal seams and irregular coal pillars, and allows wax to be reused more than 50 times after cooling. Nevertheless, it requires a temperature control system, is operationally complex, and poses a risk of thermal interference.
In this study, sand was selected to simulate the initial state of the coal seam extraction area. The sand was densely packed to provide sufficient load-bearing capacity. During the mining process, the sand is removed using small wooden sticks, a method that causes less disturbance than the other two methods, is cost-effective, and allows for material reuse (Xiong, 2022). After the material proportions were determined, the model was constructed in layers, with each layer having a thickness of 1–2 cm. Since the joints in the rock mass in the study area significantly affect the deformation, failure, and instability of the slope, the joints must be considered in the experiment. To enhance the realism and operability of the model, after each layer was placed, it was left to air dry naturally before the joints were manually incised using a small knife. The joints were arranged as a random fracture network based on field survey statistics, with the density of joints increasing closer to the ground surface. Finally, transmission towers were placed on the slope surface to complete the model. A photograph of the finalized model is shown in Figure 6. The mining zone spans 500 m, and each working face advances by 50 m, which corresponds to 8.33 cm in the physical model. After each mining step, the model was left to rest for 1 day before the next mining step.
[image: Cross-section model illustrating the impact of coal mining. Transmission towers are marked above ground, with bedding planes shown to the right. The mining interval and goaf are below, indicating the direction of coal mining with an arrow.]FIGURE 6 | Laboratory scaled physical model.3.2 Two-dimensional discrete element numerical simulation
A two-dimensional discrete element numerical model, similar to the physical model shown in Figure 6, was constructed to conduct numerical simulations. The porosity control method was used to generate homogeneous particles within the model. Wall servo technology was employed to compact the particles to prevent them from remaining suspended. While using smaller discrete element particle radii can better replicate the mechanical properties of real rock masses, it also increases computational complexity and may hinder the successful completion of numerical simulations. Based on the performance limitations of the workstation, the total number of discrete element particles was kept below 400,000 to balance accuracy and computational feasibility. Accordingly, the slope model was designed to contain approximately 400,000 particles. The minimum particle radius was set to 0.3 m, whereas the maximum-to-minimum particle radius ratio was set to 1.66, resulting in a maximum particle radius of 0.498 m. Smaller particles with a minimum radius of 0.1 m and a maximum radius of 0.166 m were used for regions near the foundations of the transmission towers and the adjacent ground surface. The porosity of all particles was uniformly set to 0.1. As illustrated in Figure 7a, the two-dimensional discrete element numerical model comprises 409,990 particles. The model was brought to equilibrium under gravitational forces to establish the initial stress state. The left and right boundaries of the model were set as displacement-restricted boundaries. The contact between the particles and walls was defined as linear contact, which only allows only vertical displacement. The bottom boundary restricted the vertical movement of the particles.
[image: Illustration showing two figures. (a) Displays a cross-section with multiple colored layers and three insets highlighting details labeled F1-1, F1-2, F2-1, F2-2, F3-1, and F3-2. Insets No. 1, No. 2, and No. 3 focus on specific areas. (b) Graphical representation of data using red lines that mirror the cross-sectional shape from (a).]FIGURE 7 | Two-dimensional discrete element numerical model of the Wenjiaba coal mine mining zone. (a) Discrete element numerical model. (b) Geometries of bedding planes and joints present in the model.The particles corresponding to the mudstone siltstone, limestone, coal seam, and tower foundation were grouped, as shown in Figure 7a, and the model was subsequently brought to equilibrium under gravitational forces. The presence of internal structural planes significantly alters the mechanical properties of rock masses. Therefore, considering both the mechanical properties of rocks and the effects of structural planes is crucial for simulating the mechanical behavior of rock masses via a particle flow model. The rock masses in the study area exhibit thin-to medium-thick layers, and their layer thicknesses range from a few centimeters to several meters. Considering the dimensions of the model and the particle size, the thickness of individual rock layers in the model was set to 10 m. For the joints in the rock mass, a fracture network was constructed based on the results of the structural plane survey. Random parameters conforming to a deterministic mathematical statistical model were generated using the Monte Carlo method and a normal distribution. These parameters were employed to simulate random fractures, and therefore a fracture network model was constructed. The synthetic rock mass technique was utilized within discrete element modeling framework. This was implemented through Fish language programming. This technique allows the joint and fracture network to be embedded into the contact model of the particles. The resulting slope model incorporates joints and accurately reflects the presence of structural planes. The final layering and joint distribution within the slope model are shown in Figure 7b.
3.2.1 Calibration of the micromechanical parameters in the discrete element model
The discrete element model simulates the mechanical behavior of rocks by assigning bonding parameters to the contacts between particles. Due to the complex relationship between microscale and macroscale mechanical parameters, macroscopic mechanical parameters of rocks cannot be directly applied in numerical simulations. Therefore, the micromechanical contact parameters in the discrete element model need to be appropriately calibrated. Rocks are typically modeled via the parallel bond model (PBM) (Wang, 2022; Yan and Wang, 2023; Zhao et al., 2021; Deo and Neithalath, 2010; Liu et al., 2021). The calibration process for the micromechanical contact parameters involves several key steps. First, standard virtual samples were created to replicate laboratory conditions. Next, uniaxial compression simulations were conducted on these virtual samples. Finally, a trial-and-error method was employed to iteratively adjust the microscale parameters based on the macroscopic mechanical properties of the rocks. This process continued until the mechanical parameters of the virtual samples closely matched those of the actual rock specimens. The final stress‒strain curves obtained from the numerical simulations for limestone, mudstone siltstone, and coal are shown in Figure 8. The strength parameters of the virtual samples aligned closely with the macroscopic mechanical parameters of the real rock samples. The final micromechanical parameters are presented in Table 4.
[image: Three graphs labeled (a), (b), and (c) depict stress versus strain data. Each graph includes a colored microstructure image showing deformation at different stress levels. Graph (a) shows stress up to 1 multiplied by 10^8 megapascals, graph (b) and (c) show stress up to 2 multiplied by 10^7 megapascals. The orange lines indicate the stress-strain relationship with distinct peaks and drops. Colors in the microstructure images likely represent material phases or strain concentrations.]FIGURE 8 | Stress‒strain curves for different rock samples obtained from discrete element simulations: (a) limestone. (b) Mudstone siltstone. (c) Coal.TABLE 4 | Micromechanical parameters for numerical simulations.	Micromechanical parameter	Description	Limestone	Mudstone siltstone	Coal
	E	Effective modulus (GPa)	18	9	1.2
	K	Stiffness ratio	1.6	1.9	2.3
	Pb_fa	Internal friction angle (°)	40	30	24
	fric	Friction coefficient	0.5	0.5	0.5
	Pb_coh	Normal bond strength (MPa)	37.5	16.5	6.6
	Pb_ten	Tangential bond strength (MPa)	25	11	5.5
	Sample strength derived from numerical simulation (MPa)	95	46	20


The smooth joint model (SJM) was employed for the joints in the rock mass, as it allows particles to slide freely along the joint planes without producing a bumping effect, thereby accurately capturing the mechanical behavior of the joints (Bahaaddini et al., 2015; Zhang et al., 2019). Previous studies have demonstrated that the micromechanical parameters of the smooth joint model closely align with the macroscopic parameters. Therefore, the macroscopic parameters can be used as approximate substitutes for the micromechanical parameters. The structural plane parameters used in this study were derived from previous studies (Ding, 2014), as detailed in Table 5. Once these values were assigned, the particle assembly was allowed to reach equilibrium under gravitational forces.
TABLE 5 | Micromechanical parameters of the structural planes.	Structural plane	Normal stiffness (GPa)	Tangential stiffness (GPa)	Cohesion (MPa)	Internal friction angle (°)
	Bedding plane	40	24	1.0e6	37
	Joint	40	24	0.45e6	39


3.2.2 Numerical simulation setup
Once the two-dimensional discrete element model was constructed, monitoring points were set at the foundation of the transmission towers to monitor foundation displacement. The simulated mining method involved removing two-dimensional disks to represent the excavated material. The length of the mining zone is 500 m, and each working face advanced by 50 m. After each mining step, the model is equilibrated before the next mining step.
4 ANALYSIS OF THE DEFORMATION AND FAILURE OF EXTREMELY GENTLY INCLINED SLOPES DURING MINING
4.1 Deformation characteristics of overlying strata from physical model tests
Figure 9 shows the deformation evolution of the overlying strata at different mining stages. When the mining face advanced to 50 m (Figure 9a), no significant deformation was observed in the overlying strata. As the mining face advanced to 100 m (Figure 9b), the immediate roof exhibited slight bending and subsidence, accompanied by the formation of minor interlayer fractures. When the mining face reached 150 m (Figure 9c), the immediate roof suddenly collapsed, while the overlying strata above the collapse zone experienced slight bending and subsidence, which resulted in the formation of distinct interlayer fractures. When the mining face advanced to 200 m (Figure 9d), the collapse zone extended both toward the mining face and into the overlying strata. This led to the development of a series of significant interlayer fractures. When the coal seam was mined between 200 m and 250 m (Figures 9d,e), the immediate roof behaved like a “cantilever beam” under load, and it deformed as mining progressed. Over time, fractures in the overlying strata propagated upward toward the ground surface. When the mining face advanced to 300 m (Figure 9f), the deformation of the overlying strata further intensified. This exacerbated the impact on the ground surface and led to the appearance of tension cracks at the slope toe. When the mining face advanced to 350 m (Figure 9g). Lateral collapse of rock masses began, and significant tension cracks developed in the middle and lower parts of the slope. Additionally, some irregular cracks formed in the middle of the slope. Finally, as the mining face advanced to 400 m (Figure 9h), tension cracks along the joints in the middle of the slope became more pronounced.
[image: A series of ten images labeled (a) to (j) show the sequential excavation of a substrate. Initially, the surface is smooth, and as the sequence progresses, layers are removed, exposing a distinct triangular formation. The process reveals more detailed patterns with elapsed steps, indicating a methodical excavation technique. The background features a grid for reference.]FIGURE 9 | Deformation evolution of overlying strata during coal seam mining. (a) 50 m, (b) 100 m, (c) 150 m, (d) 200 m, (e) 250 m, (f) 300 m, (g) 350 m, (h) 400 m, (i) 450 m, and (j) 500 m.Figure 10 shows the local deformation characteristics of the slope and overlying strata during coal mining. As depicted in Figure 10a, the goaf formed by coal extraction significantly impacted the slope. This impact was manifested primarily through the activation of preexisting fractures, the propagation of interlayer fractures, and the extension of these fractures to the ground surface, which ultimately led to various ground surface cracking phenomena. Since the unfractured original rock mass possesses a high strength, the internal damage within the rock layers was relatively limited. The primary mechanism driving deformation and failure was the unloading effect of mining activities, which disturbed, activated, and propagated preexisting fractures in the slope. This process reveals the deformation and failure control mechanisms of extremely gently inclined, layered, and fractured rock slopes under coal mining conditions. Figure 10b shows that when the mining face advanced to 150 m, the immediate roof of the goaf typically exhibited simply supported beam fracture characteristics. This observation highlights the reliability of the similar material configuration used in the physical model and clearly demonstrates the stepwise unloading and failure characteristics of the overlying strata in the goaf. As depicted in Figure 10c, when the mining face advanced to 250 m, roof fractures and localized collapse occurred within the goaf. The roof rock mass in the unmined zone exhibited a cantilever beam phenomenon, which may lead to preferential fracturing in subsequent mining operations.
[image: Three-panel image showing different angles of a cracked wall. Panel (a) displays large, diagonal cracks across uneven bricks. Panel (b) highlights horizontal layers with visible fissures. Panel (c) shows similar layers with smaller cracks and faint vertical markers.]FIGURE 10 | Local deformation characteristics of the slope and overlying strata during mining: (a) deformation in the middle of the slope at a mining distance of 400 m; (b) collapse characteristics of the coal seam roof at a mining distance of 150 m; (c) deformation and failure characteristics of the rock layers at a mining distance of 250 m.4.2 Fractal characteristics of fracture networks in overlying strata
As the mining face advances, mining-induced fractures continuously initiate, propagate, and evolve into fracture networks. These fracture networks often exhibit complex geometric shapes and distribution patterns, which makes it challenging to comprehensively and accurately describing their characteristics using traditional geometric parameters challenging. The fractal dimension, which quantifies the self-similarity of fracture networks across different scales, provides a robust and scientific approach for analyzing the development and distribution of fractures.
In this study, the box-counting dimension (DB) method was employed to calculate the fractal dimension of fracture networks. In accordance with the definition of the box-counting dimension, grids with different side lengths ε were used to cover the nonempty, bounded subset (F set) in n-dimensional Euclidean space. Based on the image resolution, the grid sizes were set to [2:9], and the number of grids occupied by the fracture network, Nε(F), was calculated for each coverage. The relationship between lg (Nε) and lg (1/ε) was then fitted to a straight line, and the slope of this line represented the box-counting dimension (DB). The detailed implementation process is outlined as follows: (1) Image preprocessing: A crack analysis system was used to convert the images to grayscale and perform binary processing (Chun et al., 2018). (2) Image loading: Binary-processed fracture network images were loaded for further analysis. (3) Definition of box size: Different box sizes were defined to systematically cover the image. (4) Box-counting algorithm: The box-counting method was applied to count the number of boxes required to cover the image at different box sizes. (5) Data preprocessing: Invalid data were filtered out, and the logarithmic values were calculated. (6) Linear regression: Linear regression analysis was performed on the logarithmic values.
Figure 11 shows the distribution of the fracture network in the overlying strata after binary processing. The overlying strata at a mining distance of 100 m (see Figures 11a,b) exhibited only slight deformation prior to mining. The black areas in the images represent the goafs; therefore, the images for mining distances of 50 m and 100 m were excluded from calculating the fractal dimension of the fracture network. The lg(Nε) - lg(1/ε) relationship curves for the fracture networks in the overlying strata at other mining distances are shown in Figure 12. All linear correlation coefficients (R2) exceeded 0.9, indicating a high degree of self-similarity in the fracture network distribution. This result confirms that the fracture network possesses typical fractal characteristics. Consequently, the processes of formation, propagation, connectivity, and closure of the fracture network during mining can be described via the fractal dimension.
[image: Sequential diagrams labeled (a) to (j) depict the progressive excavation of a terrain profile. Each image shows more of the section being revealed. The topography starts with a slight surface elevation and gradually discloses a structured, layered form beneath the surface, illustrating stratified layers becoming increasingly exposed. Each step shows clearer, more detailed lines and textures within the subsurface layers.]FIGURE 11 | Distribution of the fracture network in the overlying strata at various simulated mining distances. (a) 50 m, (b) 100 m, (c) 150 m, (d) 200 m, (e) 250 m, (f) 300 m, (g) 350 m, (h) 400 m, (i) 450 m, and (j) 500 m.[image: Eight scatter plots labeled (a) to (h) display logarithmic relationships between variables. Each plot shows blue data points aligned along a red linear regression line, with equations and R² values ranging from 0.99758 to 0.99981.]FIGURE 12 | Relationship curves (lg(Nε) - lg(1/ε)) of the fracture network in the overlying strata at various simulated mining distances. (a) 150 m, (b) 200 m, (c) 250 m, (d) 300 m, (e) 350 m, (f) 400 m, (g) 450 m, and (h) 500 m.When the mining face advanced to 150 m (Figure 12a), the immediate roof collapsed, and interlayer fractures formed in the overlying strata. The fractal dimension was calculated to be 1.76057. As the mining face advanced to 200 m (Figure 12b), the fracture network rapidly expanded with the advancement of the mining face. This expansion occurred both toward the mining face and the overlying strata, resulting in the formation of a series of significant interlayer fractures. Correspondingly, the fractal dimension increased sharply to 1.82759. When the mining face advanced to 250 m (Figure 12c), the fracture network became increasingly complex and irregular due to the formation of new fractures or the extension of existing fractures. This led to an increase in the fractal dimension to 1.83701. When the mining face advanced to 300 m (Figure 12d), the fractal dimension decreased to 1.81859, indicating significant compaction of the overlying strata. This compaction reduced the complexity of the fracture network and led to partial closure or simplification of fractures during mining operations. When the mining face advanced to 350 m and 450 m (Figures 12e–g), the fractures continued to extend and branch, further increasing the irregularity and complexity of the fracture network. The fractal dimensions increased to 1.86159, 1.90575, and 1.95069, respectively. When the mining face advanced to 500 m (Figure 12h), the complexity of the fracture network diminished. Fracture extension became limited, and the closure or simplification of fractures led to a decrease in the fractal dimension to 1.92003.
As the mining face advanced, the evolution of the fracture network was characterized by the formation and expansion of new fractures, as well as the compaction and closure of existing fractures. The fractal dimension of the fracture network in the mined rock mass exhibited localized decreases but demonstrated an overall increasing trend (Figure 13). This indicated that, despite temporary reductions in complexity due to fracture closure, the complexity and irregularity of the fracture network were generally increased.
[image: Line graph showing the relationship between fractal dimension and advance distance of the working face in meters. The fractal dimension increases from 1.7 to around 1.95 as the distance advances from 100 meters to 500 meters, with small fluctuations.]FIGURE 13 | Relationship between the mining face advance distance and the fractal dimension of fractures.4.3 Deformation of the slope and its impact on transmission towers
Photographs at various mining face advancement stages were captured during the simulation experiment (Figure 14) to document the deformation and failure of the slope surface and transmission towers. When the mining face advanced to 250 m (Figure 14a), the deformation of the rock layers propagated upward through the fracture network. This resulted in the formation of tensile‒shear composite cracks on the slope surface. Three primary cracks nearly perpendicular to the mining direction developed and were surrounded by tree-like branch cracks. When the mining face advanced to 300 m (Figure 14b), the slope surface cracks expanded outward, and a new crack nearly perpendicular to the mining direction formed near the slope toe. When the mining face advanced to 350 m (Figure 14c), the surface cracks continued to extend in the direction of the mining face, and the existing surface cracks gradually closed. Two new cracks nearly perpendicular to the mining direction developed in the lower part of the slope. When the mining face advances to 400 m (Figure 14d), the deformation in the middle and lower parts of the slope intensifies. In addition to cracks nearly perpendicular to the mining direction, numerous branching cracks extending in multiple directions were observed. As the mining face advanced to 450 m (Figure 14e), two prominent penetrating cracks appeared on the ground surface to the left of Tower 2, which was located in the middle of the model. The slope showed signs of deformation toward the free face, and Tower 2 also tended to deform toward the free face due to the ground surface deformation. When the mining face advanced to 500 m (Figure 14f), new cracks appeared on the ground surface to the left of Tower 2, whereas the existing cracks in this region began to close gradually. Simultaneously, new cracks emerged on the ground surface to the right of Tower 2. The overall deformation of the slope and Tower 2 toward the free face intensified.
[image: Six images labeled (a) to (f) show overhead views of a rectangular sand-filled container with a model structure inserted into the sand. Each image displays varying patterns of cracks forming in the sand around the structure. The images illustrate different stages or conditions of crack development in the sand, presumably due to structural pressure.]FIGURE 14 | Distribution of ground surface cracks at various simulated mining distances. (a) 250 m, (b) 300 m, (c) 350 m, (d) 400 m, (e) 450 m, and (f) 500 m.The deformation and failure of the slope and their effects on transmission towers during coal mining are illustrated in Figure 15. The stress release in rock layers during underground mining led to the loss of support in the roof rock and subsequent failure of the rock mass. This resulted in the collapse of the overlying strata into the goaf, forming a collapse zone. The disruption of the stress equilibrium in the rock layers above the collapse zone led to fracturing and layer separation. The overlying rock layers underwent overall downward bending. The movement, deformation, and failure of the rock layers caused deformation in the surface soil and rock, including subsidence, horizontal deformation, inclination, and curvature changes.
[image: Four geological cross-section diagrams labeled (a) to (d), depicting subsurface layers and formations. Each illustration shows yellow, orange, purple, and pink layers with varying fault lines and intrusions highlighted in red. The sequence demonstrates geological changes over time, with increasing complexity in fault lines and subsurface features from (a) to (d).]FIGURE 15 | Deformation and failure of the slope and their impact on transmission towers during mining. The mining face advanced to (a) 150 m, (b) 250 m, (c) 350 m, and (d) 500 m.Surface subsidence can be either uniform or nonuniform. In the case of uniform subsidence, the foundation and transmission towers experienced overall movement, which did not generate additional internal forces. Consequently, the impact on the transmission towers was relatively minor. However, when the subsidence was nonuniform, the foundation underwent differential settlement, which caused the transmission towers to tilt and develop additional internal forces. These forces can significantly affect the structural stability of the towers. The horizontal deformation included both tensile deformation and compressive deformation. The effects of horizontal deformation were transmitted through the foundation. This process causes additional horizontal stress on the transmission towers, which can lead to structural damage or cracking in the tower foundation.
The combined effects of ground surface deformation directly affected the foundation of the transmission towers. This led to additional internal forces and deformation in the tower components. These changes in the stress state and deformation within the tower structure were transmitted through the foundation to the surrounding soil. This process further exacerbates the additional internal forces and deformation in the transmission towers. The advancement of the mining face triggered a dynamic process of internal stress changes and deformation development. If the inclination of the transmission tower exceeds a certain threshold or the additional stress surpasses the structural strength of the tower, structural failure may occur. Therefore, the dynamic deformation caused by mining is the primary factor driving the combined deformation of the ground surface, foundation, and transmission towers.
4.4 Analysis of discrete element simulation results for slope deformation
Figure 16 shows the vertical displacement contour map of the slope under mining activity. When the mining face advanced to 50 m (Figure 16a), the immediate roof exhibited slight bending and subsidence under gravitational forces, and the maximum subsidence of approximately 0.01 m occurred at the center of the goaf. The floor showed significant unloading. When the mining face advanced to 100 m (Figure 16b), the bending and subsidence of the immediate roof intensified, and the maximum subsidence was approximately 0.05 m. The upward propagation of deformation in the overlying strata followed a trapezoidal pattern, with its magnitude decreasing progressively. The maximum surface subsidence was approximately 0.045 m. When the mining face advanced to 150 m (Figure 16c), the immediate roof demonstrated significant bending and subsidence, and the maximum bending of approximately 0.3 m occurred at the center of the goaf. The maximum surface displacement was approximately 0.2 m. When the mining face advanced to 200 m (Figure 16d), the immediate roof experienced its first collapse, and interlayer fractures formed in the overlying strata. The compaction was most significant at the center of the goaf, with a deformation value of approximately 4 m. The maximum surface displacement was approximately 1 m. When the mining face advanced to 250 m (Figure 16e), the displacement contour map revealed an irregular trapezoidal pattern propagating upward. The roof of the new goaf collapsed completely. The maximum vertical displacement reached approximately 4 m, while the maximum surface displacement was approximately 2.25 m. When the mining face advanced to 300 m (Figure 16f), the roof of the new goaf did not collapse; however, displacement continued to propagate upward to the ground surface. Consequently, the maximum surface displacement reached approximately 2.5 m. Tension cracks began to develop in the upper part of the slope above the goaf. When the mining face advanced to 350 m (Figure 16g), the goaf roof between 300 m and 350 m collapsed completely, while the tension cracks in the middle of the slope became compacted. The maximum surface displacement was approximately 3 m, and two large tension cracks formed in the upper part of the slope above the new goaf. These findings are consistent with field survey results. When the mining face advanced to 400 m (Figure 16h), the roof of the new goaf underwent significant bending and subsidence, while previously formed tension cracks were compacted. The maximum surface displacement was approximately 3.25 m, and large tension cracks formed in the upper part of the slope above the new goaf. When the mining face advanced to 400 m and 450 m (Figures 16i,j), the goaf roof collapsed completely, and the previously formed tension cracks were further compacted. Large tension cracks continued to appear in the upper part of the slope above the new goaf, and the maximum surface displacement reached approximately 3.5 m.
[image: Simulation showing ball displacement in a series of ten frames labeled (a) to (j). Each frame displays a color gradient from blue to red, indicating increasing displacement magnitude. The color scale is on the right of each frame, with numerical values ranging from near zero to higher levels in negative and positive increments. The background is a uniform blue grid, and the displacement areas vary in size and intensity across the frames.]FIGURE 16 | Numerical vertical deformation of the slope at various simulated mining distances. (a) 50 m, (b) 100 m, (c) 150 m, (d) 200 m, (e) 250 m, (f) 300 m, (g) 350 m, (h) 400 m, (i) 450 m, and (j) 500 m.Figure 17 shows the numerical horizontal deformation characteristics of the slope during mining. Before mining reached a distance of 200 m (Figures 17a–d), the maximum horizontal displacement was located at the goaf roof, and the impact of this displacement was relatively minor. The horizontal displacement exhibited a symmetric distribution centered around the goaf. This symmetry arose from the horizontal orientation of the goaf and the relatively flat upper surface, which induced horizontal components as the roof deformed toward the goaf. When the mining face advanced to 250 m (Figure 17e), the horizontal displacement began to influence the ground surface. The maximum surface horizontal displacement reached approximately 0.13 m. However, owing to the influence of the ground surface topography, the horizontal displacement symmetry was disrupted, and most horizontal displacement occurred in the direction opposite to the mining face advancement. As the mining face advanced to 300–350 m (Figures 17f,g), the overlying strata underwent horizontal deformation toward the center of the goaf, which significantly impacted the ground surface. The maximum surface horizontal displacement reached approximately 0.7 m and was directed toward the free face. These pronounced differences in horizontal displacement caused tension cracks to form on the slope. When the mining face advanced to 400–450 m (Figures 17h,i), significant horizontal displacement was primarily observed near the ground surface, whereas the slope deformed further toward the free face. The maximum surface horizontal displacement reached approximately 1 m and was directed toward the free face. The large differences in horizontal displacement led to the formation of tension cracks at the rear of the slope. When the mining face advanced to 500 m (Figure 17j), the overall horizontal deformation of the slope stabilized.
[image: Series of ten color-coded diagrams labeled a to j, showing ball displacement on a surface over time. Each diagram uses a color scale from red to blue to indicate varying displacement levels, with left-right progression reflecting changes in intensity and spread.]FIGURE 17 | Numerical horizontal deformation of the slope at various simulated mining distances. (a) 50 m, (b) 100 m, (c) 150 m, (d) 200 m, (e) 250 m, (f) 300 m, (g) 350 m, (h) 400 m, (i) 450 m, and (j) 500 m.4.5 Evolution of stress in the slope
Figure 18 shows the vertical stress distribution in the slope during mining. When the mining face advanced to 50 m (Figure 18a), the vertical stress within the slope exhibited a generally stratified pattern, and the maximum compressive stress reached approximately 7.4 MPa at the bottom of the model. Stress concentration was observed at both ends of the goaf. The direction of the maximum principal stress deviated, and the maximum compressive stress was approximately 6.75 MPa. As the mining face advanced from 100 m to 150 m (Figures 18b,c), the stress concentration at both ends of the goaf became more pronounced, and the maximum compressive stress values were 8.24 MPa and 10.7 MPa, respectively. As the mining face advanced from 200 m to 500 m (Figures 18d–j), significant stress concentration persisted at both ends of the goaf. The corresponding maximum stress values were 10.2 MPa, 11.26 MPa, 13.1 MPa, 12.6 MPa, 10.7 MPa, 12.8 MPa, and 12.7 MPa, respectively. The overlying strata at the center of the goaf experienced cyclical processes of caving and compaction as mining progressed. These processes effectively restored the stress state in the central regions to conditions resembling the original in situ stress.
[image: Ten visualizations show stress tensor distributions in various scales, using a color gradient from blue to red. Each sub-image labeled (a) through (j) represents different levels of stress concentrations, with accompanying color scales on the right indicating intensity.]FIGURE 18 | Evolution of stress in the slope at various simulated mining distances. (a) 50 m, (b) 100 m, (c) 150 m, (d) 200 m, (e) 250 m, (f) 300 m, (g) 350 m, (h) 400 m, (i) 450 m, and (j) 500 m.4.6 Evolution of cracks in the slope
Figure 19 illustrates the evolution of fractures in a moving slope during the mining process. Before mining reached a distance of 100 m (Figures 19a,b), no significant fractures developed in the upper part of the goaf, and only sporadic particle detachment occurred. When the mining face advanced to 150 m (Figure 19c), vertical fractures began to develop in the roof of the goaf. These fractures were primarily concentrated along the edges and in the central region but did not propagate into the limestone layer. As the mining face advanced to 200–250 m (Figures 19d,e), the immediate roof of the goaf collapsed, forming a caving zone. The loss of support in the overlying rock mass led to its deformation and failure. Vertical fractures developed at the edges of the goaf, whereas numerous irregular fractures formed in the central region. Due to the high strength of the limestone, fracture distribution within it remained sparse, whereas the weaker overlying mudstone layer experienced extensive scattered fractures. When the mining depth reached 250 m, fractures extended to the ground surface. When the mining face advanced to 300 m (Figure 19f), the roof of the new goaf did not collapse. However, vertical fractures in the overlying rock layers continued to extend upward. This resulted in the development of scattered fractures in the slope body and the formation of tension fractures on the ground surface. When the mining face advanced to 350–500 m (Figures 19g–j), fractures continued to propagate both toward the goaf and the slope surface. However, due to increased depth caused by the terrain undulations, the mining-induced fractures did not reach the slope surface. Nonetheless, the disrupted structural planes within the rock mass led to the formation of tension cracks at the slope surface. Therefore, the numerous fractures observed on the slope surface in the physical model tests can be attributed to mining-induced cracking, deformation, and displacement of the primary bedding planes and joints in the slope rock layers. This process ultimately triggered the formation of extensive ground surface cracks.
[image: A series of ten geological cross-sections labeled (a) to (j), showing progressive fracturing in layered sedimentary rock. Layers are depicted in different colors, with black lines indicating fractures. The images illustrate the development of fractures over time, becoming more prominent and widespread from image (a) to (j). Each section shows consistent layering with increased disruption in structure due to the fracturing process.]FIGURE 19 | Evolution of cracks in the slope at various simulated mining distances. (a) 50 m, (b) 100 m, (c) 150 m, (d) 200 m, (e) 250 m, (f) 300 m, (g) 350 m, (h) 400 m, (i) 450 m, and (j) 500 m.4.7 Deformation of transmission tower foundations
In two-dimensional discrete element numerical simulations, it is not practical to directly construct a detailed model of the transmission tower. Instead, two independent foundations representing the transmission tower were established on the slope surface to monitor the settlement values of each foundation. The tower inclination was then calculated basis of the difference in settlement between the two foundations and the horizontal distance separating them. In accordance with the Chinese standard “Operating Code for Overhead Transmission Lines” (DL/T 741–2019) and related maintenance guidelines, the maximum allowable values for tower inclination and cross-arm deviation are listed in Table 6.
TABLE 6 | Maximum allowable values for tower inclination and cross-arm deviation.	Type	Reinforced concrete poles	Transmission towers
	Tower inclination	1.5%	0.5% (for towers with a height of 50 m and above)
1.0% (for towers with a height of less than 50 m)
	Cross-arm deviation	1.0%	1.0%


Figure 20a presents the settlement curve for the foundation of Tower 1. The settlement values exhibited periodic changes, and the settlement curve became steeper as the mining face advanced. The settlement curve often displays a step-like pattern. Since the foundation of Tower 1 is located at the edge of the goaf, it experienced rapid settlement deformation from the start of mining to a distance of 300 m. Thereafter, the overall pattern was characterized by dynamic stability and slow descent. This finding indicated that the initial mining stage had a significant effect on both foundations. As the mining face advanced, ground surface deformation gradually stabilized, and the influence of mining on the foundations diminished. The settlement trends of both foundations eventually reached a relatively stable state. The maximum settlement observed was approximately 0.134 m for foundation F1-1 and 0.164 m for foundation F1-2, yielding a vertical settlement difference of approximately 3 cm, which is consistent with the field forensic investigation reporting a vertical displacement difference of 3–5 cm between the cracks at Tower Foundation No. 1. Figure 20b shows the tower inclination values calculated from the difference in settlement between the foundations of Tower 1. A negative inclination value indicates movement toward foundation F1-2, which corresponds to the mining advancement direction. Within the initial 300 m of mining, each mining operation caused an increase in tower inclination. The inclination curve exhibited a step-like pattern, with a maximum value of 0.55%. The inclination curve subsequently gradually decreased. This observation indicated that subsequent mining activities had a reduced impact on Tower 1. Nevertheless, the foundation of the transmission tower continued to experience slow tilting and deformation. Given that the tower height is less than 50 m, the maximum inclination value remains within the allowable limit per relevant standards. However, the tower still requires reinforcement and ongoing monitoring to ensure structural stability.
[image: Two line graphs show changes over time. Graph (a) displays vertical settlement in meters, with two series F1-1 (black squares) and F1-2 (red triangles), both showing a downward trend. Graph (b) shows foundation tilt in percent, with a single series marked by blue diamonds, also trending downward. Both graphs have a time step on the x-axis ranging from zero to eight hundred thousand.]FIGURE 20 | Settlement and inclination curves of the foundation for Tower 1: (a) Settlement; (b) Inclination.Figure 21a depicts the settlement curves for the two foundations of Tower 2. The settlement values initially increased slowly and then exhibited periodic, step-like variations. The initial mining stage had a minimal impact on Tower 2. However, as the goaf advanced, its influence on Tower 2 increased significantly. As a result, the settlement curve became abruptly steeper. The settlement trends for the two foundations were generally consistent, whereas the settlement difference initially increased and then decreased as mining progressed. The maximum settlement recorded was approximately 3.08 m for foundation F2-1 and 3.05 m for foundation F2-2. Figure 21b shows the inclination values of Tower 2 calculated from the difference in settlement between its two foundations. A positive inclination value indicates tilting toward foundation F2-1, which aligns with the direction of the slope face. Before the time step of 470,000, the mining operations had a minimal impact on Tower 2, and each mining operation resulted in only a slight increase in tower inclination. As the mining face advanced from 350 m to 400 m, the inclination curve showed a step-like increase, and the maximum inclination value reached 2.2%. The inclination curve subsequently exhibited a step-like decrease. This observation indicated that as the goaf approached Tower 2, the tower experienced progressive slow deformation. When the goaf reached the ground surface near the tower, its proximity to the slope face resulted in significant inclination and deformation. As mining continued and the goaf advanced, the overall slope tended to compact toward the back. This process led to a decrease in the inclination and deformation of Tower 2. Given that the tower height is less than 50 m, the maximum inclination value exceeds the allowable limit; therefore, the tower may be at risk of collapse and failure.
[image: Graphs show two analyses: (a) Vertical settlement over time steps for F2-1 and F2-2, with a noticeable drop between 6 to 8 x 10^5. (b) Foundation tilt percentage rises sharply between 4 to 6 x 10^5 before decreasing.]FIGURE 21 | Settlement and tilt curves of the foundation for Tower 2: (a) Settlement; (b) Inclination.Figure 22a presents the settlement curves for the two foundations of Tower 3. The settlement values remained relatively flat during the initial stage, then gradually increased during the middle stage, and finally exhibited a step-like increase. This finding indicated that the early mining stage had a minimal impact on Tower 3. However, as the goaf approached transmission Tower 3, the increased influence resulted in a sudden steepening of the settlement curve. The settlement trends for the two foundations were generally consistent, although foundation F3-1 exhibited slightly greater settlement than foundation F3-2. The maximum settlement was approximately 0.34 m for foundation F3-1 and 0.26 m for foundation F3-2. Figure 22b shows the inclination values of Tower 3 calculated from the difference in settlement between its two foundations. A positive inclination value indicates tilting toward foundation F3-1, which corresponds to the direction of the slope face. During the first 400 m of mining, the goaf had a minimal impact on Tower 3, and each mining operation caused only a slow and gradual increase in tower inclination. When mining face advanced to 450 m, the inclination curve showed a small step-like increase, and the inclination value reached 0.08%. At a mining distance of 450 m, the inclination curve exhibited a sudden upward trend. This observation indicated that as the goaf approached Tower 3, the tower experienced progressive slow deformation. Once the goaf reached the ground surface near the tower, it caused significant inclination and deformation, and the maximum inclination value reached 1.43%. Given that the tower height is less than 50 m, the maximum inclination value exceeds the allowable limit; therefore, the tower may be at risk of collapse and failure.
[image: Two graphs are displayed. Graph (a) shows vertical settlement (meters) versus time steps (×10^5). Two curves, F3-1 in black squares and F3-2 in red triangles, remain steady before sharply dropping around 6×10^5. Graph (b) depicts foundation tilt (percentage) versus time steps (×10^5), showing a stable trend with a steep rise near 6×10^5.]FIGURE 22 | Settlement and inclination curves of the foundation for Tower 3: (a) Settlement; (b) Inclination.5 CONCLUSION
This study conducted scaled physical model tests and two-dimensional discrete element simulations to investigate the deformation and failure of gently inclined fractured rock slopes in the Yunnan and Guizhou karst regions under mining-induced effects, as well as their impact on transmission towers within the study area. These findings provide a theoretical basis for risk assessment of transmission towers in mining-affected regions. The main conclusions are as follows:
	1. The scaled physical simulations reveal a nonmonotonic increase in the fractal dimension of cracks, yet the crack evolution exhibits pronounced fractal self-similarity, offering critical insights for predicting surface deformation and assessing risks to transmission towers within the region.
	2. Numerical simulations reveal three primary stages in the evolution of surface fissures induced by coal mining: overburden collapse, fracture propagation, and surface subsidence. A continuous mining span of 150 m constitutes the critical threshold for roof failure.
	3. Deformation and failure of transmission towers are attributable to differential settlement of isolated footings and surface cracking, with towers situated on slopes being particularly vulnerable. In mining areas containing transmission towers, the coal extraction sequence must be carefully optimized, and strategic coal pillars should be retained to mitigate uneven surface subsidence, thereby ensuring the safety of transmission infrastructure within the region.

This study partially elucidates the subsidence mechanisms of gently dipping, stratified jointed rock slopes in southwestern China under coal mining activities and their influence on transmission tower deformation. However, owing to the two-dimensional simplifications inherent in the 2D DEM numerical model, our analysis is confined to identifying fracture, deformation, and subsidence patterns within the rock strata, as well as the tilting behavior of two independent tower foundations, exclusively under the assumed conditions. Consequently, a key limitation of this work lies in its inability to fully capture the complex, three-dimensional characteristics of actual surface subsidence and transmission tower foundation deformation. In future studies, more realistic three-dimensional numerical simulations should be employed to investigate the movement patterns of strata under coal mining-induced stresses and their corresponding impacts on the deformation characteristics and failure mechanisms of transmission towers within the region. Furthermore, when concrete risk warning indicators for transmission towers are established, a direct correlation should be formulated between critical tower tilt angles and field-measured fracture density thresholds, enabling more efficient and timely early warning of tower failure risk.
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