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Abstract


Underground coal gasification (UCG) is an emerging energy technology that involves the in situ conversion of coal into syngas through controlled combustion within a subsurface excavation. The geomechanical processes associated with UCG can lead to significant overburden caving and surface subsidence, posing risks to surface infrastructure and groundwater systems. To accurately predict the size of overburden caving zones and associated surface subsidence, a prediction model was developed based on simulation results using discrete element method (DEM) numerical models. The main purpose of developing such a model is to establish a systematic and computationally efficient method for the rapid prediction of the height of overburden caving and its associated surface subsidence induced by underground excavation. The model is broadly applicable to different types of underground excavations, and UCG is used in this study as a representative application scenario to demonstrate the relevance and performance of the model. Sensitivity analysis indicates that excavation span, tensile strength, and burial depth are the primary controls on the height of the caving zone within the ranges of parameters investigated. Rock density is retained as a secondary background parameter to represent gravitational loading and its contribution to the in situ stress level. The derived model was validated using published numerical, experimental, and field measurement data, showing good agreement within practical ranges. To further demonstrate the application of the model developed, the predicted caving geometries were incorporated into finite element method (FEM) models to simulate surface subsidence under different geological conditions. The results highlight that the arch structure formed by overburden caving can help redistribute stresses and thereby reduce surface deformation. The proposed model provides a practical, parameter-driven tool to assist in underground excavation design, environmental risk evaluation, and ground stability management.






Keywords:


discrete element method; finite element method; underground excavation; overburden caving; surface subsidence; regression model












1. Introduction


Surface subsidence resulting from underground excavations poses significant threats to infrastructure safety, operational efficiency, and environmental sustainability [1,2,3,4,5,6]. The caving of the overburden above underground cavities significantly influences surface subsidence [7]. The accurate prediction of caving geometry, specifically the height and shape of the caving zone, remains challenging due to variability in geological conditions, the complexity of rock mass behaviour, and uncertainties in rock properties and in situ stresses [8]. As a representative application, underground coal gasification (UCG) involves the progressive formation of underground cavities accompanied by complex thermo-mechanical disturbances, which further complicate overburden response and subsidence development, making UCG a particularly relevant and challenging scenario for testing and validating caving and subsidence prediction methods [9]. Over the past few decades, numerous methods for predicting surface subsidence and rock mass caving have been developed based on empirical, analytical, experimental, or numerical approaches. While each method offers specific merits, their effectiveness is often constrained by simplified assumptions, scale limitations, or high computational demands. To date, no tools are available to provide a universally applicable, parameter-driven, and rapid prediction method for caving zone geometry across different geological conditions. Accordingly, this study aims to develop a rapid, parameter-driven prediction model for the height of overburden caving and apply it to assess the resulting surface subsidence using UCG as a representative application example. Relevant existing studies are reviewed below to examine their assumptions, approaches, and limitations.



Empirical approaches to overburden caving prediction are widely used in coal mining practice and are typically derived from regression analyses of extensive field monitoring data [10,11,12]. These methods provide estimates of the height of the caving and fractured zones as functions of excavation geometry and overburden characteristics and have therefore become standard tools for preliminary assessment and operational decision-making. Their main scientific contribution lies in identifying reproducible trends between subsidence-related indicators and mining parameters across large datasets. However, empirical formulations are inherently correlation-based and rely on simplifying assumptions regarding fracture propagation, stratigraphic control, and stress redistribution. As a result, they often struggle to generalize beyond their calibration conditions, particularly in cases involving heterogeneous lithology, transitional stratigraphy, or complex stress regimes. In addition, most empirical models focus on predicting a single scalar quantity (typically caving height) and provide limited information on the full geometry of the caving zone, which restricts their applicability for physically consistent subsidence modelling. Consequently, while empirical methods are efficient and useful in practice, they also require a numerical or physical model for reliable prediction under different geological and operational conditions.



Limit analysis constitutes one of the most widely adopted analytical approaches for estimating the shape and extent of caving zones above underground excavations [13,14,15,16,17,18]. Based on plasticity theory and failure criteria such as Hoek–Brown, these methods derive kinematically admissible collapse mechanisms and energy balance conditions to obtain theoretical bounds or closed-form expressions for caving zone boundaries. Their primary scientific value lies in providing physically interpretable relationships between excavation geometry, rock mass strength, and predicted failure envelopes, while maintaining high computational efficiency for preliminary design and rapid assessment. However, limit analysis formulations typically rely on idealized assumptions, including perfect plasticity, material homogeneity, simplified boundary conditions, and prescribed kinematic mechanisms. As a result, they often neglect stratigraphic variability, excavation-induced stress redistribution, and progressive damage accumulation, and frequently treat burial depth in a discretized manner (e.g., “shallow” versus “deep”) rather than as a continuous controlling parameter. These simplifications restrict their ability to capture transitional failure behaviours and limit their applicability in heterogeneous geological environments and across broad ranges of excavation span, depth, and material properties.



Physical similarity modelling has been widely used to investigate the evolution of overburden caving and surface subsidence induced by underground excavations [19,20,21,22,23]. By constructing scaled laboratory models that satisfy geometric, kinematic, and mechanical similarity, this approach enables direct observation of fracture initiation, arch formation, progressive collapse, and overburden movement, providing valuable qualitative insight into failure mechanisms and deformation processes. Its primary scientific contribution lies in revealing the kinematics and sequence of failure in a controlled and observable environment, which is difficult to obtain from field measurements or purely numerical simulations. However, the physical similarity model has its limitations. Firstly, scaled models cannot fully replicate the nonlinear mechanical behaviour of rock masses, especially under complex jointing or anisotropic conditions [21,22]. Secondly, due to limited model size and simplified boundary conditions, physical models often suffer from scale distortion and edge effects, which compromise their representativeness. Lastly, the setup process is costly and labour-intensive, especially for large-scale models that require multiple components and fine-tuned material compositions [22,23].



Continuum-based numerical methods, including the finite element method (FEM) and finite difference method (FDM), are widely used for predicting surface subsidence induced by underground excavations [24,25,26]. By treating the rock mass as a continuous medium, these approaches efficiently simulate large-scale elastic and elastic–plastic deformation and are therefore well suited for subsidence analysis. In particular, thermo-mechanical continuum models have been applied to UCG to investigate the influence of cavity growth and thermal effects on surface deformation, demonstrating their utility for representing coupled processes in cavity-forming operations [25,26]. However, their representation of the overburden remains fundamentally continuous, which limits their ability to capture discrete fracture and caving processes. A fundamental limitation of continuum-based models is their inability to realistically represent progressive roof collapse and discontinuous failure. Severe mesh distortion can arise once large deformations occur, and the caving zone is therefore often predefined, simplified, or neglected, preventing its natural evolution with excavation-induced stress redistribution [27]. Although adaptive remeshing strategies have been proposed to improve numerical robustness, they do not resolve the conceptual limitation of representing inherently discontinuous failure within a continuum framework. In addition, most continuum-based studies focus on single site-specific cases with fixed geological and material properties, which restricts their generalization across broader geological and operational conditions.



Discontinuum-based numerical methods, particularly the discrete element method (DEM), have therefore been adopted to explicitly simulate fracturing, block detachment, and progressive collapse of overburden rocks [28,29,30,31,32,33]. Block-based DEM and hybrid FEM–DEM approaches can reproduce joint-controlled deformation and large-scale roof caving when fracture networks are sufficiently characterized. However, their predictive performance is highly sensitive to assumptions regarding joint and fracture distributions, which are often poorly constrained and difficult to generalize. Particle-based DEM (e.g., Particle Flow Code—PFC) avoids the need for predefined joint geometries and enables simulation of crack initiation and propagation in heterogeneous brittle rocks. However, particle-based DEMs are computationally expensive and have often been applied in narrowly defined, case-specific studies without systematic parameter exploration. Consequently, despite their superior physical realism, existing DEM-based approaches have not yet yielded rapid, generalizable prediction tools for overburden caving geometry across diverse geological and operational settings.



Despite extensive developments in empirical, analytical, experimental, and numerical approaches, a fundamental trade-off persists in the prediction of overburden caving induced by underground excavations. Empirical and analytical methods offer high computational efficiency but rely on simplified assumptions and provide limited geometric information, while physical similarity modelling and high-fidelity numerical simulations can capture progressive failure mechanisms at the expense of substantial experimental or computational costs. As a result, existing approaches rarely achieve both mechanistic reliability and rapid applicability, particularly when fast predictions are required across a wide range of geological conditions and excavation configurations, which limits their usefulness for systematic parametric assessment and engineering decision-making.



In practice, direct in situ characterization of caving geometries is often technically challenging, costly, and in some cases, infeasible. Validated discrete element models, therefore, provide a viable alternative as physics-informed virtual experimental platforms, enabling systematic exploration of overburden failure behaviour under controlled and repeatable conditions that are otherwise inaccessible in field or laboratory settings. However, the direct use of DEM for engineering assessment remains limited by computational expense and scalability.



To bridge this gap, the present study proposes a hybrid DEM–regression–FEM workflow for the rapid prediction of overburden caving geometry induced by underground cavity formation. DEM simulations are employed to generate a structured dataset across systematically varied geomechanical and geometric parameters, including tensile strength, rock density, excavation span, and burial depth. Regression analysis is then used to distil these results into an explicit, parameter-driven prediction model that preserves the underlying failure mechanisms while enabling rapid evaluation. As a representative application, UCG is used as a demonstration example where the cavity geometries predicted from the developed model are incorporated into FEM-based subsidence simulations to quantify surface deformation. Overall, the proposed model prioritizes practical applicability and efficiency, providing a practical and physically grounded tool for rapid engineering assessment of overburden response in different underground excavation scenarios.



The main contributions of this study can be summarized as follows:




	(1)

	
A systematic hybrid framework is established, in which DEM–regression is used to translate discontinuum simulations of overburden caving into a simplified prediction model while retaining key failure characteristics, and FEM is subsequently employed for surface subsidence assessment while incorporating the predicted caving geometry.




	(2)

	
A unified multivariate prediction model for the height of the overburden caving zone is derived and assessed across a structured parameter space covering excavation geometry and key rock mass properties, providing a more general representation beyond individual site-specific case studies. Representative models from different applications published in the literature are collected and compared and jointly used to help derive (validate) the unified model developed.




	(3)

	
The direct impact of overburden caving geometry on surface subsidence is quantitatively examined by incorporating the predicted caving profiles into subsidence simulations, showing the influences of caving on surface deformation development.










2. Methodology


2.1. DEM Numerical Modelling


To investigate overburden caving induced by underground excavation, this study employs the two-dimensional discrete element software PFC2D 5.0 to conduct a series of numerical simulations. The excavation geometry is defined in a two-dimensional plane-strain condition, representing a transverse cross-section of an underground cavity formed by excavation. Within this model, the excavation span characterizes the effective opening width of the underground cavity in cross-section (Figure 1), controlling roof stability and caving development. This abstraction allows a systematic investigation of overburden response across a range of excavation scenarios. The modelling process includes model construction, material parameter calibration, boundary stress loading, and simulation of the excavation process.



To minimize boundary effects, the model width should be sufficiently larger than the excavation span. In this study, a model-width sensitivity analysis was performed under a representative case with an excavation span of 40 m, while keeping the other parameters constant (Figure 2). The results indicate that the predicted caving height converges once the model width exceeds approximately 80 m, suggesting that lateral boundary effects become negligible beyond this threshold. Accordingly, a model width of 140 m was adopted to ensure adequate separation between the excavation cavity and the lateral boundaries while maintaining computational efficiency. For large burial depth cases, it is not feasible to consider the entire vertical dimension from the surface to the cavity. Accordingly, an explicit overburden thickness of 50 m above the excavation roof was included in the numerical model domain, while the gravitational effect of the remaining overlying strata was represented through equivalent vertical stress applied at the top boundary (Figure 1). Within the ranges of parameters investigated in this study, the predicted height of the caving zone remained well below the top boundary, indicating that its development was not constrained by the model height. The initial in situ stresses were calculated based on the gravitational stress at the burial depth. In PFC2D simulations, vertical boundary stress was applied through velocity-controlled servo loading at the top boundary. To maintain continuous contact between the top boundary and particles during large roof settlement following excavation, the top boundary was divided into three wall segments (60 m–20 m–60 m, Figure 1). This partition provides a narrow central control segment directly above the model centre and two wider side segments, allowing the servo controller to apply slightly different wall velocities when settlement is concentrated above the excavation. The segmentation is a numerical stabilization strategy to prevent the local loss of wall–particle contact and to maintain the target average vertical stress. Fixed walls were used for the bottom and both side boundaries. The thickness of the underburden was set to 25 m. Previous studies indicate that the maximum depth of floor failure typically does not exceed 22 m. Therefore, a 25 m thickness ensures the minimization of its influence on the caving behaviour [34]. The height of excavation is set at 15 m, corresponding to the main series coal seam thickness at Leigh Creek, South Australia [35]. The site is currently being investigated for a potential underground coal gasification project to generate syngas for urea production [36]. This study is part of the investigation to understand the environmental impacts of the gasification process.



In PFC models, particles of the same size were distributed in a regular hexagonal spatial pattern. Although regular distribution reduces randomness, it also compromises the ability to correctly simulate the porosity of natural rock masses. A particle size sensitivity analysis was conducted to identify a suitable particle size to be used in the models that balances computational efficiency and model accuracy. Simulations using a particle radius ranging from 0.3 m to 1.2 m were performed while keeping other parameters unchanged, and the results are shown in Figure 3. The results indicate that the predicted caving zone height becomes more variable when the particle radius is too large. To ensure reliable and stable results and avoid excessive computational costs, a particle radius of 0.4 m was selected, resulting in approximately 23,000 particles in the PFC models.



The flat-jointed model (FJM) was used to simulate the bonds of particles, which is capable of representing both tensile and shear failures and effectively simulating fracture propagation and roof caving processes. Micro-parameters for bonds between particles were calibrated based on the simulation of uniaxial compression and direct tensile tests in PFC2D. Using the micro–macro-calibration approach proposed by Zhou et al. [37], Young’s modulus is predominantly controlled by the effective modulus of bond (E*), so E* can be adjusted to match the target modulus. Poisson’s ratio is influenced by both E* and the stiffness ratio of contact (k*) and calibrated by tuning k* once E* is fixed. The TS depends jointly on E*, k*, and the bond tensile strength (t*); in practice, t* is adjusted after the elastic properties are matched. The UCS is the most sensitive parameter, being affected by all micro-parameters mentioned above as well as the cohesion of bond (c*). Therefore, c* is calibrated at the final stage. The calibration procedure is illustrated using a representative material in the Supplementary Materials (Figures S1 and S2 and Table S1), which show the DEM stress–strain responses and quantitative comparisons with the target macroscopic properties.



In the initial stage, all three segments were assigned identical downward velocities to simulate a uniform vertical in situ stress field. The downward movement of the top boundary continued until the average contact stress between the top boundary and the particles reached the target vertical stress, calculated based on the overburden density and burial depth. In this study, excavation is idealized as an instantaneous removal of material over the full thickness of the seam within the two-dimensional plane-strain cross-section. The excavation was simulated by deleting particles in the expected excavation area. The unsupported overburden began to cave due to stress redistribution. Caving was driven by bond breakage, simulating fracture propagation, leading to the formation of the arch-shaped cavity. In the post-excavation phase, roof settlement can cause spatially uneven wall–particle contact along the top boundary. To maintain stable stress transfer and keep the average vertical stress close to the target value, a slightly higher servo loading velocity was applied to the central wall segment than to the two side wall segments. The simulation proceeded until the average convergence ratio fell below 1 × 10−5, indicating system stabilization in terms of particle velocity and contact stresses. The height of the final caving zone was then recorded for subsequent regression modelling and FEM analysis.



To qualitatively demonstrate the failure evolution captured by the PFC model, a representative simulation scenario is shown in Figure 4, where the caving initiates from bond breakage near the roof of the excavation, gradually forming an arch-shaped cavity and propagating upward as the overburden loses support. This example shows that the adopted DEM modelling approach can capture the key mechanisms of overburden failure induced by underground excavation. In the present model, the stress state is governed by the imposed vertical loading together with the elastic response of the rock mass under lateral constraint. Under such conditions, horizontal stresses develop naturally through the Poisson effect as a consequence of vertical compression, and their magnitude is controlled by Poisson’s ratio. This formulation typically results in a vertically dominated stress regime (σv > σh) for the elastic parameters representative of sedimentary rocks [38]. In such a stress environment, tensile cracking driven by stress relief and bending of the roof strata is the primary mechanism governing caving development. In contrast, in regions where the horizontal stress approaches or exceeds the vertical stress, confinement effects become more pronounced, and failure mechanisms would shift toward compression- or shear-dominated behaviour, which are not explicitly addressed in the present formulation.




2.2. Parameter Sensitivity Analysis and Regression Model


In this study, sensitivity analyses were performed based on DEM results to identify dominant parameters, followed by the development of a regression model. Six variables were considered initially, including tensile strength (TS), uniaxial compressive strength (UCS), density of overburden rocks (  ρ  ), excavation span (s), height of excavation (h), and burial depth (d). The results shown in Figure 5 indicate that the height of excavation and UCS of the overburden rocks have limited impacts on the height of the caving zone in the PFC2D simulations. Therefore, to avoid introducing weakly correlated variables into the regression analysis, these two variables were excluded from the inputs for the final regression model. However, it should be noted that the limited impact of excavation height and UCS in the PFC models is purely due to the assumption used and the focus of the simulation. In this case, the excavation height is much smaller than the excavation span, and no significant horizontal tectonic stresses are considered in this study. The horizontal in situ stresses in the model arise only from gravitational loading, as stated above. Under such geometrical and stress conditions, variations in excavation height introduce relatively minor additional stress disturbance compared with changes in excavation span, and therefore, their influence on the development of the caving zone is not considered in the model. Consequently, the model developed is not applicable for excavations where the height or horizontal stresses are significant. And the caving of overburden in the model is assumed to be controlled by the bond breakage governed mainly by tensile failure, which makes the tensile strength the dominant mechanical property, overshadowing the effect of UCS. In reality, tensile strength and UCS of rocks are in general highly correlated, and the impact of UCS in this case can be considered as being implemented implicitly via tensile strength.



A total of 290 DEM simulations were performed. A second-order polynomial regression model was developed to describe the relationship between the four input variables and the height of the caving zone. In this, the general expression of the regression model involving four independent variables is given as follows:


  y =   a   0   +   ∑  i = 1   4      a   i     x   i   +     ∑  i = 1   4      a   i i       x   i     2   +     ∑  1 ≤ i < j ≤ 4   4      a   i j     x   i       x   j   ,  



(1)




where y is the height of the caving zone,     a   0     is the constant term,     a   i     are the coefficients for the linear terms,     a   i i     are the coefficients for the quadratic terms, and     a   i j     are the coefficients for the interaction terms between variables     x   i     and     x   j    . This form allows the model to capture both individual and combined nonlinear effects of the input variables on the response. The full models include 15 coefficients. Stepwise regression was conducted to eliminate less significant coefficients, only retaining coefficients with statistical significance (p < 0.05). This procedure was adopted to reduce model complexity and avoid over-parameterisation, given the finite size of the dataset (290 cases). The final model therefore represents a balance between flexibility and interpretability, retaining only statistically and physically meaningful terms. With 290 cases and 15 coefficients, the case-to-parameter ratio is approximately 19:1, which helps mitigate the risk of overfitting.



To verify the reliability of the developed regression model, the model was applied to a validation dataset derived from numerical simulation results. In addition, several published field measurements, similar physical model results, and numerical model results from the published literature were used to further assess the performance of the prediction model.




2.3. Comparison Between Two-Dimensional and Three-Dimensional PFC Models


To assess the suitability of using 2D plane-strain simulations to model the caving response of a 3D problem, a representative three-dimensional model was constructed in PFC3D using the same excavation geometry, boundary conditions, and calibrated material properties as the 2D model. The 3D model adopted the same particle radius (0.4 m) as the 2D model to ensure consistent numerical resolution, and an out-of-plane thickness of 50 m was used to balance computational cost. Figure 6 compares the failure evolution and resulting cavity geometry predicted by the two approaches. The predicted caving heights are comparable (11.16 m in 2D versus approximately 12 m in 3D), indicating that the main features of the caving mechanism and overall failure extent are captured consistently. Differences in local cracking patterns are expected due to three-dimensional packing and boundary constraints. In addition, finite model thickness may suppress certain out-of-plane failure modes. Therefore, the 3D simulation is used here as a consistency check rather than a comprehensive representation of full three-dimensional failure processes. The 3D model required 1,647,425 particles compared with 21,574 particles in 2D, leading to substantially higher computational demand. For this reason, the subsequent parametric study and regression dataset generation are based on the 2D simulations, which are appropriate for long, approximately uniform excavation geometries that can be idealized as plane-strain problems.




2.4. FEM Modelling and Analysis of Surface Subsidence


To investigate the influences of key parameters on the surface subsidence, a series of FEM models using ANSYS 2024 R1 under 2D plane-strain conditions were developed based on the caving zone predicted from the developed regression model. Due to geometrical and loading symmetry, only half of the model domain was simulated, with the symmetric boundary condition imposed to reduce computational costs. In FEM models, the full overburden depth dimension was used to minimize the boundary effect. The height of the FEM model therefore varied with burial depth, ranging from 365 m to 615 m, corresponding to the burial depths of 50 m to 300 m, while the width was fixed at 1500 m. The boundary conditions were set as follows: the left boundary of the model is the symmetric boundary (restricting normal displacement), the right boundary is restricted in horizontal displacement, the bottom boundary is restricted only in vertical (Y-direction) displacement, and the top boundary is a free surface. The rock mass is modelled as a homogeneous, linear elastic material with properties including Young’s modulus (E), Poisson’s ratio (ν), and density (ρ), consistent with those used in the DEM to ensure model consistency. This simplified constitutive representation is adopted to provide a consistent and computationally efficient basis for comparing the influence of different caving geometries on surface displacement patterns. It is not intended to reproduce the full nonlinear or plastic response of the overburden, but rather to isolate the geometrical effects of the caved zone on subsidence development under controlled mechanical assumptions. As a result, the FEM analysis cannot capture plastic yielding, progressive damage accumulation, or the nonlinear evolution of settlement troughs that may occur in real rock masses under large deformation. Accordingly, the FEM results in this study should be interpreted in a comparative sense, highlighting relative trends and sensitivities associated with variations in caving height and shape, rather than as quantitative predictions of absolute settlement magnitudes or yielding zones. To benchmark the finite element implementation adopted in this study, the predicted maximum surface subsidence for representative single-cavity cases was compared with the corresponding results reported by Jiang et al. [39] using the same geometric configuration and modelling assumptions. The reported maximum surface subsidence for the largest cavity (  30   m × 30   m × 15   m  ) is 7.14 mm, whereas the present model yields 7.82 mm. For the   26   m × 26   m × 15   m   cavity, the reported maximum subsidence is 5.15 mm, and the present model predicts 6.10 mm. These comparisons indicate that the present FEM setup is broadly consistent with the published results for single-cavity subsidence and is therefore suitable for the subsequent comparative analyses performed in this study. In addition, an external consistency check was conducted by compiling representative published field monitoring cases of surface subsidence above underground extractions. Given the differences in mining geometry, stratigraphy, and constitutive behaviour between sites and the simplified elastic FEM adopted here, this comparison is intended as an order-of-magnitude plausibility check based on the reported maximum subsidence, rather than a site-specific validation. According to the caving patterns obtained from PFC2D simulations and supported by field observations, the collapsed cavity typically exhibits an arched geometry. Therefore, in the FEM model, after the caving zone height was determined using the regression model, an arched roof was manually constructed to represent the cavity geometry.



Three representative FEM cases were modelled. Vertical displacements at the top surface of the model (ground surface) were extracted to derive surface subsidence curves. The analysis focused on two key subsidence indicators: maximum subsidence and zone of influence. These indicators are critical as they directly reflect the potential risk to surface infrastructure and the spatial extent of the affected area.





3. Results and Discussion


3.1. Analysis of the Impacts of Key Parameters on the Height of the Caving Zone


Figure 7 illustrates the influences of rock tensile strength, rock density, and excavation span on the height of the caving zone obtained from the PFC2D models under burial depths of 600 m, 300 m, and 50 m, respectively. Figure 7d shows the variation in the height of the caving zone against increasing burial depth, while keeping tensile strength, density, and excavation span constant.



From the figure, the following nonlinear and depth-dependent characteristics relevant to model formulation can be identified:




	
Tensile strength (TS): The influence of tensile strength on caving height is strongly nonlinear, with high sensitivity at low TS values and a diminishing marginal effect at higher TS. This behaviour indicates that a linear representation would be insufficient and motivates the inclusion of higher-order terms in the regression formulation.



	
Density: The effect of density becomes significant only at greater burial depths, suggesting that density primarily acts through its coupling with in situ stress rather than as an independent controlling parameter. Accordingly, density is treated as a secondary variable whose influence is conditional on burial depth.



	
Excavation span: Excavation span exerts a dominant and nonlinear control on caving development, reflecting the geometric control on stress redistribution and roof stability. This supports its role as a primary predictor and justifies the use of nonlinear and interaction terms involving the span parameter.



	
Collectively, these observations provide the basis for the structure of the subsequent regression model, in which excavation span, burial depth, and tensile strength are treated as primary predictors, while density is included as a secondary modifier.








The effect of the excavation span aligns well with the arching theory—wider spans reduce the self-supporting capacity of rock masses, leading to a greater increase in caving height. Regarding burial depth, its primary impact shows the effect of in situ stress variations. At shallow depth, increased depth elevates vertical stress, intensifying tensile failure and accelerating the growth of the height of the caving zone. In deep conditions, under high in situ stresses, fractures can be suppressed and tend to close, leading to a transition in failure mode from tensile failure to shear failure; therefore, the degree of impact on the caving height is reduced. Rock density primarily influences the magnitudes of in situ stresses through its contribution to overburden weight. These findings suggest that in deep mining, optimizing the excavation span is a more practical and effective strategy than relying on the inherent strength of the rock mass to reduce the size of the caving zone. The impact of rock density on overburden caving is limited, as it acts only through its contribution to gravitational loading and the resulting in situ stress field, particularly in shallow excavations. Rock density is therefore interpreted as a secondary background parameter rather than a dominant parameter. In a particular site, the variation in rock density is limited. Given that the proposed model is intended to be applicable across different geological conditions where density variations may be more pronounced, density is still incorporated in our model as a variable. Note that the rock mass is assumed to be homogeneous in the models, and as such, the influence of natural joints and bedding planes, which commonly exist in laminated rock masses, is not considered at this stage. This simplification may lead to an underestimation of the actual height of the overburden caving zone.




3.2. Regression Model and Visualization


In total, 290 PFC simulations were conducted to generate the dataset to derive the prediction model. These simulations cover the excavation span with a range of 10–80 m, tensile strength from 0.05 to 1.8 MPa, burial depth from 50 to 600 m, and density from 1500 to 2500 kg/m3. The applicability and reliability of the regression model are therefore limited to predictions within these parameter ranges. Based on the quadratic polynomial regression described earlier and subsequent stepwise regression to assess parameter sensitivity, only those terms that were statistically significant (p < 0.05) and contributed meaningfully to the model performance were retained, while the remaining higher-order and interaction terms were eliminated due to negligible or redundant effects. As a result, the final prediction model retains two quadratic terms and four interaction terms, as shown in Equation (2) below:


  h = 0.0017 ×   s   2   + 2.785 ×   t   2   + 0.00032 × s × d − 0.178 × s × t + 0.000075 × s × ρ − 0.002 × t × ρ ,  



(2)




where h = height of caving zone (m), s = excavation span (m), t = TS (MPa), d = depth (m), and   ρ   = density (kg/m3). Figure 8 presents some key surface plots of the regression model, showing the variation in h against a combination of three pairs of input variables.



A nonlinear term in the excavation span is included in the regression model, and its coefficient varies with burial depth to reflect the increasing sensitivity of caving height to span in deeper conditions. The fitted model further indicates that tensile strength has a stronger influence under shallow burial conditions, where low-strength rock masses are more susceptible to tensile failure, whereas under deep burial conditions, this influence is reduced due to increased confinement from higher overburden and lateral in situ stresses. Similarly, density acts primarily as a depth-dependent modifier: its influence becomes more pronounced at greater burial depths through its contribution to overburden stress but remains secondary under shallow or small-span conditions. Figure 8 provides an illustrative visualization of these modelled response patterns and their interactions. Overall, the derived model suggests that excavation span is the primary variable impacting the overburden caving, especially in deep conditions, while rock tensile strength governs caving behaviours under shallow burial conditions. Therefore, excavation span, burial depth, and tensile strength exert dominant influences on the size of the caving zone, while the effect of density is negligible under conditions of small excavation span, shallow burial depth, or high tensile strength conditions. These insights may help guide parameter selection for excavation design and highlight the need to consider burial depth when evaluating the relative importance of material properties.




3.3. Sensitivity Analysis and Validation of the Regression Model


To evaluate the performance and robustness of the regression model, a sensitivity analysis was conducted using synthetic input perturbations. Each input parameter (excavation span, burial depth, TS, and density) was independently varied by ±50% from its baseline value, while the remaining parameters were held constant. The relative changes in the predicted height of the caving zone at different burial depths of 50, 300, and 600 m are shown in Figure 9 below. The baseline parameters in these assessments are as follows: excavation span = 40 m, TS = 0.4 MPa, rock density = 2000 kg/m3, and burial depths are 50, 300, and 600 m in Figure 9a,b,c, respectively. Note that the density is only varied by ±20% from the baseline value to ensure the density value is within the realistic range for rocks.



The sensitivity analysis quantifies how variations in each input parameter affect the predicted caving height within the investigated ranges and is used here to compare their relative influences. The regression model shows a weaker sensitivity to variations in burial depth under shallow conditions (Figure 9a) compared to the PFC simulations (Figure 7d). This is attributed to the limited depth range considered in the sensitivity test (25–75 m around the 50 m baseline), within which variations in depth exert only a modest influence on the overburden caving behaviour. Figure 10 shows the comparison of the predicted values from the regression model with the results obtained from PFC simulations, which were also used as the training dataset. The scatter around the 1:1 line reflects the variability in the regression estimates relative to the numerical simulations within the investigated parameter ranges and highlights the uncertainty associated with individual predictions. This variability arises from approximating the highly nonlinear and discrete fracturing processes captured by the PFC simulations with a simplified, continuous second-order polynomial formulation. The coefficient of determination (R2 = 0.79) and the relative mean absolute error (RMAE = 3.2 m) indicate a moderate level of agreement rather than high-precision predictive capability. Accordingly, the regression model is intended to provide rapid, first-order estimates of caving height for screening and preliminary assessment. An empirical 95% prediction interval was estimated from the residual distribution of the training dataset and is shown in Figure 10 to provide an explicit indication of prediction uncertainty. Based on this analysis, 95% of the prediction errors fall within approximately −8.35 m to +7.05 m relative to the PFC simulation results. This interval represents an average uncertainty level across the investigated parameter ranges; in practice, uncertainty is expected to increase toward the upper end of the caving height range, where failure mechanisms become more complex and data coverage is sparser. Consistently, the regression model shows reduced accuracy for large caving heights (approximately > 30 m), reflecting both the increasing complexity of failure mechanisms in this range and the limited number of training and validation cases available. This behaviour indicates that predictions in the upper range should be interpreted with greater caution.



As an external consistency check, a comparative analysis was conducted using a limited number of published data obtained from similar physical model measurements [40,41] and numerical simulation [42,43,44], as shown in Figure 11. Within the ranges where the literature data are available, when the caving height is below approximately 30 m, the predictions from the regression model are of comparable magnitude to the reported values, indicating that the model provides reasonable first-order estimates in this range. The reported and predicted caving heights together with the corresponding absolute prediction errors for each validation case are summarized in Table 1. For large caving sizes, significant differences are observed, though only two data points are available from the literature. This further highlights that the current model is best suited for first-order estimation for the range of low-to-moderate caving height, and that extrapolation beyond the validated range is associated with increased uncertainty. The literature sources and associated geometric and geological parameters used in this comparison are listed in Table 2.



To further validate the capability of the developed regression model, Figure 12 presents a comparative analysis between the developed model and several representative models reported in the literature. In Figure 12, the solid lines represent the models from the literature, while the corresponding dashed lines are the results predicted by the regression model developed in this study using the same geological and operational parameters. The model proposed by Xu et al. [43] gives the prediction of exceptionally large caving zone heights of 51.5 m and 64.5 m at spans of 90 m and 110 m, respectively. Because these values deviate excessively from the other results, they are not included in the figure. In addition, the model proposed by Gao et al. [45] is the only explicit regression-based model presented in this figure, which was originally developed for tunnel excavation scenarios, with its applicable span explicitly restricted to the range of 6–24 m. This substantially limits its applicability to large-scale excavation problems such as coal seam extraction. In addition, this model only considers the influence of excavation span on caving zone height, but the regression model proposed in this study allows multiple input variables. Therefore, for this case [45], the other three input parameters used to produce the dashed line are assumed according to the paper (TS = 0.1 M, rock density = 2000 kg/m3, burial depth = 100 m). As can be observed from this comparison study, the regression model developed in this study shows good agreement in general with other published models, particularly when the caving height is below 30 m and the excavation span ranges from 20 m to 100 m.



This cross-comparison demonstrates that the proposed model provides comparative prediction performance compared to existing ones and validates its generalization across different excavation conditions. It also highlights the diversity of modelling approaches in the literature, underscoring the importance of contextual calibration when applying these models to site-specific scenarios. It should be noted that the prediction ability of the regression model developed in this study tends to be limited when the caving zone height is too high. This is due to the range of the excavation span in the generated dataset used to derive the model only being from 10 m to 80 m, which covers most cases in engineering applications. As the excavation span is the most sensitive parameter for overburden caving, the reliability of the predicted results will be impacted if the range of span is outside the range of the dataset.




3.4. Application of the Developed Model for Surface Subsidence Assessments


Based on the caving zone predicted by the model developed in this study, FEM models of three representative scenarios were constructed to simulate surface subsidence curves under different conditions. Scenarios A, B, and C represent a combination of excavation spans and burial depths of (40 m, 50 m), (40 m, 300 m), and (80 m, 300 m), respectively. In all cases, the rock density is 2000 kg/m3 and the tensile strength is 0.1 MPa. Based on the regression model proposed, the corresponding heights of caving zones are 8.26, 11.41, and 28.62 m, respectively. Figure 13 shows the comparison of the surface subsidence profiles with and without considering the overburden caving. Note that the phenomenon of upward surface deflection observed in Figure 13a has also been reported in the literature. According to Ghabraie et al. [46], this effect results from the use of thin isotropic elastic layers with cohesionless interfaces, which is a known shortcoming of simplified elastic approaches, producing a numerical artefact in the form of local upward displacement that has a negligible effect on the overall accuracy of the model.



To provide a spatial interpretation of the subsidence curves, Figure 14 presents a contour of vertical normal stress (σyy) and vertical displacement (Uy) for Scenario B. The stress contours illustrate vertical stress redistribution and concentration around the excavation, while the displacement contours show the deformation field and how the inclusion of the caving cavity modifies the subsidence mechanism. For completeness, the corresponding global σyy contours (initial pre-excavation state) are provided in Supplementary Material Figure S3. Supplementary Figures S4 and S5 show the corresponding full-field stress distributions after excavation at the model scale. For visual clarity, only the left-hand portion of the domain is shown, as stress variations in the far field remain close to the initial state.



To provide field-scale context for the subsidence magnitudes obtained from the simplified 2D plane-strain elastic FEM analyses, representative published subsidence monitoring cases were compiled from two longwall sites. At the Integra Underground Mine (Australia) [47], monitoring until the completion of Longwall 8 reported a maximum subsidence of 1.31 m at a burial depth of 330 m. In addition, Xu et al. [48] reported detailed surface subsidence monitoring results for a high-intensity longwall panel in the Shendong coalfield, China, where the excavation height was 7.0 m, the burial depth ranged from 184 to 222 m (average about 201 m), and the working face width was 302.5 m. Their measurements indicate that the maximum subsidence reached approximately 3.7 m. These published monitoring cases are used here as an external consistency check on the maximum subsidence under comparable depth ranges, rather than for site-specific calibration, because the FEM framework adopted in this study is intentionally simplified to isolate the geometric influence of the predicted caving zone. The selected monitoring cases are summarized in Table 3.




3.5. Model Applicability and Limitations


The proposed model is developed within a set of clearly defined modelling assumptions, which also determine its scope of applicability. In the present study, the overburden rock mass is assumed to be homogeneous and isotropic, and failure is governed predominantly by tensile bond breakage under a stress regime where the vertical in situ stress exceeds the horizontal stress. Within this framework, the regression model captures the dominant influences of excavation span, equivalent rock mass tensile strength, and burial depth on the height of the caving zone.



It should be noted that the proposed model is not intended for direct application to strongly stratified or highly jointed rock masses without modification. In laminated sedimentary formations, the presence of bedding planes and joint networks may significantly reduce the effective tensile strength and stiffness of the roof strata, potentially leading to larger caving heights than those predicted under homogeneous assumptions. In such cases, the effects of structural discontinuities may be partially represented through reduced equivalent tensile strength, but explicit consideration of layered or anisotropic behaviour would be required for more accurate prediction.



The regression model is derived from a numerically generated dataset and is therefore intended as a rapid, first-order estimation tool rather than a high-precision predictive model. Its reliability is constrained to the investigated parameter ranges, particularly for excavation spans up to 80 m, beyond which prediction uncertainty increases. Future work will extend the dataset to incorporate layered rock masses, variable vertical–horizontal stress ratios, and temperature-dependent mechanical properties to improve the robustness and general applicability of the framework. Although the dataset comprises 290 systematically generated cases, its coverage remains sparse at very large excavation spans and extreme caving heights. This limits the prediction accuracy of the model in these cases and warrants caution when applying the model outside the investigated parameter ranges. Similarly, the FEM-based subsidence analysis in this study adopts a linear elastic constitutive model and therefore cannot represent plastic yielding, irreversible damage, or nonlinear subsidence mechanisms. Its purpose is to provide a comparison study of the relative influences of different caving geometries on surface displacement patterns, rather than to reproduce site-specific subsidence magnitudes or failure processes.





4. Conclusions


In this study, a regression-based model combining discrete element simulations and polynomial regression analysis was developed for rapid, first-order estimation of the height of overburden caving and associated surface subsidence induced by underground excavations. Key conclusions drawn from the presented analyses include the following:




	
Within the investigated parameters, excavation span, rock tensile strength, and burial depth were identified as the primary parameters controlling the height of the caving zone, with excavation span exhibiting the strongest influence. Rock density showed a secondary effect through its contribution to overburden stress, particularly at greater depths.



	
A second-order polynomial regression model constructed from 290 discrete element simulation cases was able to reproduce the nonlinear response of the height of the caving zone to variations in excavation geometries and geomechanical parameters within the investigated parameter ranges. Comparisons with additional numerical simulations and a limited set of published experimental data indicate that the model provides reasonable first-order agreement (R2 = 0.79, relative mean absolute error = 3.2 m) rather than high-precision predictive accuracy.



	
Comparative analysis of overburden caving patterns between two-dimensional and three-dimensional discrete element simulations suggests that the 2D plane-strain model is reasonable to represent 3D excavations with a long third dimension, supporting its use for large-scale parametric studies where full 3D modelling is computationally prohibitive.



	
Finite element simulations incorporating the derived caving geometry indicate that overburden arching due to caving can reduce surface subsidence under shallow burial conditions, while its influence becomes less significant at greater depths. In this context, excavation span and burial depth emerge as the dominant parameters shaping the subsidence profile within the modelled scenarios.



	
The developed prediction model provides a rapid and practical means of translating detailed numerical simulation outputs into parameter-driven estimates that can support preliminary screening, scenario comparison, and trend assessment in underground excavation design. It is not intended to replace site-specific accurate numerical analysis or field investigation.








This study advances current capabilities in the rapid prediction of overburden caving due to underground excavations, providing valuable insights for safer, more informed decision-making in underground engineering practices. Several limitations of this study warrant further research. The assumptions of homogeneous and isotropic rock masses ignore the impacts of structural discontinuities, such as bedding planes and joints, potentially leading to an underestimation of caving sizes in stratified rock strata. The modelling framework also assumes that vertical in situ stress is greater than horizontal stress. This stress condition favours tensile-dominated failure. However, in regions with high horizontal stress, failure mechanisms may shift toward compressive-dominated behaviour, potentially altering caving height and geometry. Future work should therefore extend the dataset to incorporate layered anisotropy, temperature-dependent rock properties, and variable stress ratios or site-specific stress measurements to improve the robustness and general applicability of the proposed regression model and to enable more rigorous validation against independent field observations.
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Figure 1. Geometry of the model used in this study. 
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Figure 2. The height of the caving zone from the PFC2D model with different model widths. 






Figure 2. The height of the caving zone from the PFC2D model with different model widths.



[image: Geotechnics 06 00014 g002]







[image: Geotechnics 06 00014 g003] 





Figure 3. The height of the caving zone from the PFC2D model with different particle radii. 
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Figure 4. The excavation-induced caving from the PFC model. The red, green, and blue regions represent the overburden, coal seam, and floor, respectively. 
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Figure 5. The caving zone height from the PFC2D model with different (a) heights of excavation and (b) UCS. 
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Figure 6. Comparison of overburden caving evolution simulated using (a) PFC2D and (b) PFC3D with a 50 m out-of-plane thickness (particle radius = 0.4 m). The red, green, and blue regions represent the overburden, coal seam, and floor, respectively. 
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Figure 7. Height of overburden caving zone simulated by PFC2D models (a) vs. rock tensile strength at burial depths of 50, 300, and 600 m and density of 2000 kg/m3, with a span of 40 m; (b) vs. rock density at TS of 0.1 MPa and excavation span of 40 m; (c) vs. excavation span at TS of 0.1 MPa and density of 2000 kg/m3; (d) vs. burial depth at the excavation spans of 30, 40, and 50 m, TS of 0.1 MPa, and density of 2000 kg/m3. 
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Figure 8. Illustrative response surfaces of the regression model for the predicted height of the overburden caving zone under burial depths of d = 50, 300, and 600 m: (a) variation with excavation span and tensile strength at a fixed density of 2000 kg/m3; (b) variation with excavation span and density at a fixed tensile strength of 0.5 MPa; (c) variation with tensile strength and density at a fixed excavation span of 40 m. 
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Figure 9. Local sensitivity of the predicted caving height from the regression model with ±50% variations in input parameters at different burial depths: (a) 50 m, (b) 300 m, and (c) 600 m. 
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Figure 10. Comparison between predicted caving heights from the regression model and the corresponding PFC simulation results used for model training. The dashed line represents the 1:1 reference, and the shaded band indicates the empirical 95% uncertainty interval estimated from the residual distribution of the training dataset. 






Figure 10. Comparison between predicted caving heights from the regression model and the corresponding PFC simulation results used for model training. The dashed line represents the 1:1 reference, and the shaded band indicates the empirical 95% uncertainty interval estimated from the residual distribution of the training dataset.



[image: Geotechnics 06 00014 g010]







[image: Geotechnics 06 00014 g011] 





Figure 11. Comparison between predicted caving heights from the regression model and a limited set of published experimental and numerical results reported in the literature. 
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Figure 12. Comparison of prediction models for the height of the caving zone from different studies [40,41,42,43,44,45]. 
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Figure 13. Comparison of surface subsidence profiles with and without the consideration of overburden caving: (a) scenario A; (b) scenario B; (c) scenario C. 
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Figure 14. FEM contours for scenario B: (a) vertical normal stress σyy without considering overburden caving; (b) vertical normal stress σyy considering overburden caving; (c) vertical displacement Uy without considering overburden caving; (d) vertical displacement Uy considering overburden caving. 
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Table 1. Quantitative comparison between caving heights reported in the literature and their predictions from the regression model.






Table 1. Quantitative comparison between caving heights reported in the literature and their predictions from the regression model.





	
Source

	
Span (m)

	
Depth (m)

	
Reported h (m)

	
Predicted h (m)

	
Abs. Error (m)






	
Tang [40]

	
18

	
273.5

	
0

	
0.9

	
0.9




	
30

	
273.5

	
0

	
3.2

	
3.2




	
40

	
273.5

	
8.9

	
5.5

	
3.4




	
64

	
273.5

	
17.0

	
12.3

	
4.8




	
70

	
273.5

	
17.0

	
14.3

	
2.7




	
96

	
273.5

	
29.1

	
24.4

	
4.8




	
Xiaolei [41]

	
50

	
115.47

	
3.3

	
5.4

	
2.0




	
60

	
115.47

	
7.8

	
7.9

	
0.1




	
70

	
115.47

	
12.4

	
10.7

	
1.7




	
80

	
115.47

	
18.0

	
13.9

	
4.1




	
90

	
115.47

	
25.0

	
17.4

	
7.6




	
Liu et al. [42]

	
20

	
160

	
3.1

	
0.1

	
3.0




	
40

	
160

	
5.0

	
2.7

	
2.3




	
60

	
160

	
10.1

	
6.7

	
3.4




	
80

	
160

	
12.9

	
12.1

	
0.8




	
100

	
160

	
19.9

	
18.9

	
1.0




	
120

	
160

	
24.1

	
27

	
2.9




	
Xu et al. [43]

	
30

	
690

	
0

	
4.5

	
4.5




	
40

	
690

	
3.5

	
6.4

	
2.9




	
50

	
690

	
9.5

	
8.6

	
0.9




	
60

	
690

	
9.5

	
11.1

	
1.6




	
70

	
690

	
23

	
14.0

	
9




	
90

	
690

	
51.5

	
20.7

	
30.8




	
110

	
690

	
64.5

	
28.8

	
35.7




	
Liu [44]

	
30

	
570

	
4

	
4.5

	
0.5




	
50

	
570

	
6

	
5.8

	
0.2




	
80

	
570

	
10

	
10.2

	
0.2




	
100

	
570

	
16

	
14.8

	
1.2











 





Table 2. The literature used in Figure 11 and Figure 12.






Table 2. The literature used in Figure 11 and Figure 12.










	Model
	Methods
	Conditions





	Tang [40]
	Similarity physical model
	
	
Mining method: UCG



	
Burial depth: 273.5 m



	
Overburden tensile strength: 0.8 MPa



	
Overburden density: 2180 kg/m3



	
Working face spans: 18, 30, 40, 64, 70, and 96 m








	Xiaolei [41]
	Similarity physical model
	
	
Mining method: Fully mechanized caving mining



	
Burial depth: 115.5 m



	
Overburden tensile strength: 0.9 MPa



	
Overburden density: 2500 kg/m3



	
Working face spans: 50, 60, 70, 80, and 90 m








	Liu et al. [42]
	Numerical model (COMSOL)
	
	
Mining method: UCG



	
Burial depth: 160 m



	
Overburden tensile strength: 1 MPa



	
Overburden density: 2125 kg/m3



	
Working face spans: 20, 40, 60, 80, 100, and 120 m








	Xu et al. [43]
	Numerical model (UDEC 7.0)
	
	
Mining method: Longwall mining



	
Burial depth: 690 m



	
Overburden tensile strength: 1.9 MPa



	
Overburden density: 2500 kg/m3



	
Working face spans: 20, 40, 60, 70, 80, 90, 100, 110, 160, 200, 240, 280, and 300 m








	Liu [44]
	Numerical model (PFC2D)
	
	
Mining method: Longwall mining



	
Burial depth: 570 m



	
Overburden tensile strength: 2.5 MPa



	
Overburden density: 2578 kg/m3



	
Working face spans: 30, 50, 80, and 100 m








	Gao et al. [45]
	Machine learning from physical model
	
	
Method: Underground tunnelling



	
Burial depth: 10–120 m



	
Working face spans: 6–24 m















 





Table 3. Comparison of field-measured and model-predicted maximum surface subsidence (Smax) for representative underground excavation case studies.






Table 3. Comparison of field-measured and model-predicted maximum surface subsidence (Smax) for representative underground excavation case studies.





	Site/Source
	Depth, d (m)
	Span, s (m)
	Field Smax (m)
	Predicted Smax (m)





	Integra Mine [Annex-E] [47]
	330
	250
	1.31
	1.22



	Shendong Coal Field [48]
	200
	303
	3.7
	3.35
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