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Abstract


This study tackles the critical challenges of stress evolution and pillar optimization in underground potash mining, with a focus on the 351-stope of Kaiyuan Mining in Laos. Integrating theoretical calculations, large-scale 3D numerical modeling, and an AHP-Fuzzy comprehensive evaluation, we systematically analyze the complex mechanical behaviors of the mining environment. Applying key stratum theory, we reveal the unique mechanism by which overlying hard rock bends without fracturing in carnallite layers under room-and-pillar conditions. Comparative numerical simulations of four pillar-width schemes—involving 8 m rooms with 10 m, 8 m, 6 m, and 4 m pillars—show that reducing pillar width markedly increases vertical stress, triggers exponential roof subsidence, and expands pillar failure zones. Using an AHP-Fuzzy method that incorporates safety, technical, and economic factors, the Simultaneous Backfilling with 8 m Mining and 6 m Pillar Retention is identified as the optimal scheme. This configuration demonstrates superior stability, exhibiting an average pillar stress of 9.3 MPa and only limited plastic failure zones at pillar ends. These findings offer a robust scientific and technical foundation for enhancing the safety, efficiency, and sustainability of underground potash mining operations.
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1. Introduction


Potash, a key strategic mineral resource, is vital to global food security and sustainable agricultural development [1,2,3,4]. With ongoing population growth and agricultural intensification, global potash consumption continues to rise, raising concerns over the stability and security of supply [5,6,7]. As the world’s largest potash consumer, China faces long-term challenges due to limited domestic resources, with external dependence consistently exceeding 50%. This situation not only increases agricultural production costs and vulnerability but also poses risks to national food security. In response, China has actively pursued overseas investment under its “going global” strategy, developing potash resources in regions such as Central and Southeast Asia. Deep underground solid potash deposits in Laos, for instance, have become strategic assets, driving a technological shift from traditional salt-lake extraction to the underground mining of deep, complex solid potash orebodies [8,9,10]. This transition, however, introduces significant engineering challenges, particularly concerning the long-term stability of soft surrounding rock and the safe, efficient design of mine layouts.



In underground mining, pillar sizing is a fundamental design issue directly affecting both operational safety and resource recovery [11,12,13]. For coal and metal mines, pillar design benefits from decades of empirical, analytical, and numerical research, resulting in relatively mature criteria for hard to moderately strong rock conditions [14,15]. In contrast, potash deposits often exhibit unfavorable mechanical properties: potash ore and surrounding rock are typically soft, with low uniaxial compressive strength (generally below 15 MPa) and pronounced time-dependent creep behavior [16]. Consequently, the long-term strength of potash pillars may be only 60–70% of their instantaneous strength, with substantial deformation accumulating under sustained load [17,18]. Conventional pillar design methods, based largely on instantaneous strength and elastic–plastic assumptions, are therefore inadequate for accurately assessing the long-term stability and bearing capacity of potash pillars.



Engineering complexity is further increased by the presence of overlying hard rock strata (e.g., gypsum or anhydrite), which often form a stiff roof above the soft potash layer. Under mining disturbance, the mechanical interaction between the hard roof and the underlying soft pillars creates a coupled “stope–pillar–hard roof” system. The stiff roof can alter load transfer paths, induce arching effects, and significantly modify stress distributions within pillars and adjacent rock [19,20]. In particular, the stress evolution in central pillars and the development of high-stress zones are strongly influenced by the stiffness, thickness, and spatial position of these overlying hard layers. Traditional design approaches—such as those based on Terzaghi’s rock load theory or the Hoek–Brown criterion—typically assume hard rock behavior, neglect creep, and rarely account rigorously for such rigid–flexible coupling. When applied directly to soft, creeping potash mines with strong roof–pillar interaction, these methods can misjudge pillar loads and long-term stability, resulting either in overly conservative designs that limit recovery or in unsafe layouts that increase failure risk.



Over recent decades, significant progress has been made in pillar stability research across various underground mining contexts [21,22,23,24]. Empirical formulas, numerical simulations, and field monitoring are widely used in coal, metal, and non-metallic mines to analyze pillar stress distribution, deformation, and failure modes [25,26,27]. However, several critical gaps remain when applying these approaches to potash mining. First, the effect of potash creep on long-term strength degradation is often overlooked in practice. Most existing methods still rely on instantaneous strength parameters and conventional safety factors, without quantitatively linking creep behavior to long-term bearing capacity [28]. Second, the mechanical coupling mechanism between overlying hard strata and underlying soft potash pillars is not fully understood. The influence of hard roof properties—such as thickness, stiffness, and burial depth—on load redistribution, stress arching, and the evolution of plastic and damage zones in pillars remains insufficiently quantified [29]. Third, current pillar optimization methods tend to focus on single objectives (e.g., maximizing safety or recovery), lacking a comprehensive multi-criteria framework that simultaneously addresses safety, technical feasibility, and economic efficiency under potash-specific geo-mechanical conditions.



Given these challenges, there is a clear need to develop pillar design theories and optimization methods tailored to the rheological behavior of soft rock and the rigid–flexible coupling characteristic of deep potash mines. The Laotian potash deposits, featuring deep solid potash orebodies overlain by hard roof strata, provide a representative setting to address these issues. In such mines, mining-induced stress redistribution, time-dependent pillar deformation, and the self-supporting behavior of the hard roof interact to control the evolution of the stress field, displacement field, and failure patterns in the stope system [30]. A thorough understanding of these coupled processes is essential for achieving safe, efficient, and economically viable potash extraction.



This study takes the Kyuan Mining 351-stope in a typical Laotian potash mine as its engineering background. A combined approach of theoretical analysis, three-dimensional numerical simulation (FLAC3D), and multi-criteria decision-making (AHP–Fuzzy comprehensive evaluation) is used to systematically investigate the mechanical behavior and stability of the “stope–pillar–hard roof” system under mining disturbance. The specific objectives are: (1) to establish a refined 3D numerical model of the stope, analyze the evolution of stress, deformation, and plastic zones in surrounding rock, and reveal the failure mechanisms and load-transfer characteristics of the coupled system; (2) to quantitatively evaluate the effects of potash creep and hard roof parameters (e.g., thickness and position) on pillar long-term strength and stability, clarifying the combined influence of rheology and roof structure; and (3) to develop an AHP–Fuzzy-based multi-factor decision model integrating safety, technical, and economic indicators, and apply it to optimize pillar width schemes. Through these efforts, this study aims to provide a more scientific theoretical basis and practical methodology for the safe, efficient, and economical mining of overseas deep solid potash resources.



The remainder of this paper is organized as follows. Section 2 describes the geological and engineering conditions of the Kyuan Mining 351-stope and summarizes relevant rock mechanical parameters. Section 3 introduces the theoretical framework and modeling approach, incorporating key strata theory and rheological behavior into the 3D numerical model, and analyzes stress, displacement, and plastic zone distributions under different pillar width scenarios. Section 3 also constructs the AHP–Fuzzy comprehensive evaluation system, establishes a multi-objective decision model for pillar design, and performs optimization and comparison of alternative schemes. Finally, Section 4 presents the main conclusions and discusses their implications for pillar design in similar deep underground potash mines, as well as potential directions for future research.




2. Project Setting and Geological Context


The 351-stope of Kaiyuan Mining in Laos was selected as the research subject for this study. This stope is excavated within a carnallite layer—a potassium-bearing mineral characterized by its colorless to white appearance, granular texture, and loosely structured form. Carnallite is transparent to opaque, highly deliquescent in air, and readily soluble in water, often exhibiting a pink hue when impurities are present. It has a bitter and salty taste, a greasy luster, a hardness of approximately 2–3, and a specific gravity of 1.3. The mineral is brittle, non-cleavable, fluorescent, and produces a violet flame coloration, confirming its potassium content. The location of 351-stope is shown in Figure 1, located west of the 352 belt roadway, south of the North 7 belt roadway, east of the North 8 belt haulage roadway, and north of the North 9 trackless roadway, the 351-stope comprises 28 mining rooms, 4 backfill roadways, and 2 development roadways, with a total length of 1425 m. The mining area employs a rectangular cross-section measuring 8000 mm in width and 4500 mm in height, yielding a cross-sectional area of 36 m2. Designed with an 8 m mining width and 10 m protective pillars, the stope is projected to yield 570,000 tons of salt ore, based on a specific gravity of 1.6. Using a continuous miner with a monthly production capacity of 50,000 tons, the estimated mining duration is 11.4 months.



The mining area lies on an alluvial-proluvial plain along the east bank of the Mekong River. The terrain is generally flat, with elevations ranging from 141 to 145 m. Hydrologically, the area is primarily recharged by atmospheric precipitation and groundwater, exhibiting seasonal flow variations. Riverbed incision is typically less than 2.0 m deep, except near the Ban He Ang iron bridge in the southern section, where depths reach 5–8 m. Due to the gentle topography, low-lying zones are prone to inundation during flood seasons, with major flooding events occurring every 5–7 years and surface water depths reaching 1–3 m. Groundwater in the area can be classified as pore water and bedrock fissure water based on occurrence conditions. Geological surveys of surrounding ore layers indicate no aquifer presence within the 351-stope; nevertheless, a drainage system is required prior to mining to mitigate potential water hazards.



According to mining technical specifications, the panel strip room-and-pillar method with subsequent backfilling is adopted in this area, focusing primarily on room mining. Mining operations are conducted according to equipment capabilities, with the first layer extracted in each room and roadway following the designated room numbering sequence. Based on production and haulage planning, certain rooms are scheduled for undercutting first. The mining height is controlled within 16 m (adjusted according to actual ore thickness where the deposit is thinner). All rooms feature rectangular cross-sections, and slope design follows relevant geological profiles. Key physical and mechanical parameters of the main rock types, derived from geological exploration data and in-door experiments, are summarized in Table 1.




3. Results and Discussion


3.1. Numerical Calculation Analysis of Pillar Stability


3.1.1. Numerical Simulation Scheme


In this paper, the FLAC3D version 7.0 numerical simulation software is adopted to conduct simulation analysis on the stope structure parameters of the potash mine. FLAC3D (3D Fast Lagrangian Analysis Code) is a high-end 3D numerical analysis program developed based on the theory of continuous medium and explicit finite difference method. It is widely used in the analysis and design of geotechnical and mining engineering, and is particularly suitable for solving complex geotechnical problems that are difficult to handle by the Finite Element Method (FEM). It can simulate the stress characteristics and analyze the plastic flow of 3D structures of soil, rock and other materials, with typical application scenarios including large deformation, nonlinear material behavior, and the occurrence and development of instability and failure under complex multi-working conditions [31].



FLAC3D describes physical media from a 3D perspective. Compared with 2D analysis, the 3D analysis method can more truly reflect the morphological characteristics, stress conditions and corresponding stress–strain properties of the medium. Linear or nonlinear constitutive models can be selected for the element materials in the software. Under the action of external forces, when the material undergoes yield flow, the mesh can generate deformation and movement synchronously (large deformation mode). In terms of simulating plastic failure and plastic flow, FLAC3D adopts the “mixed discrete method”, which is more accurate and reasonable than the “discrete integration method” commonly used in the finite element method [32].



A large-scale numerical model measuring X × Y × Z = 200 m × 300 m × 219 m was established to simulate the mining process. The model incorporated ten geological strata with standard mechanical parameters, including eight overlying roof layers, one floor stratum, and the carnallite ore layer. The bottom and lateral boundaries were fixed. To accurately capture the stress evolution, surrounding rock damage, and spatial displacement patterns during potash extraction, selective mesh refinement was applied. Within the carnallite mining layer, the cross-sectional mesh size was refined to 1 m, while mesh sizes in other layers were appropriately coarsened. The mesh resolution in the Z-direction was determined proportionally based on the thickness of each layer. The corresponding model configuration is illustrated in the Figure 2 below.



The numerical model employed the Mohr–Coulomb constitutive criterion with large-strain mode enabled. Prior to excavation, the model underwent an initial equilibrium stage to establish the in situ stress field, during which all displacements were reset to zero. Following this, full-scale stope excavation was simulated until the macroscopic stress field reached equilibrium. The model boundaries were fixed on all lateral sides and at the base. Within the simulation, the development roadways of the 351-stope were excavated first. After allowing the model to reach computational equilibrium, sequential room mining was conducted. Each room was excavated individually, with stress equilibrium achieved before proceeding to the next excavation step. To analyze the influence of pillar dimensions on the stress field, deformation field, and failure zone distribution, four different pillar width schemes were simulated. The specific configurations of these schemes are outlined in Table 2:




3.1.2. Analysis of Numerical Simulation Results


Numerical models were developed and simulated for four distinct pillar dimension schemes. In Scheme 1 (mine 8 m, pillar 10 m), 13 rooms were excavated sequentially; Scheme 2 (mine 8 m, pillar 8 m) involved 14 rooms; Scheme 3 (mine 8 m, pillar 6 m) comprised 16 rooms; and Scheme 4 (mine 4 m, pillar 10 m) included 18 rooms. For each scheme, the distribution of surrounding rock stress, displacement, and plastic failure zones following room excavation was analyzed.



	(1)

	
Distribution Law of Surrounding Rock Stress Field for Different Pillar Widths







The underlying mechanism of surrounding rock damage involves its gradual transition from elastic deformation to plastic failure once the external stress exceeds the material’s inherent triaxial strength. Although deformation within the plastic zone is irreversible, the rock mass within this zone retains residual load-bearing capacity. The formation of a failure zone occurs as micro-scale damage within the plastic zone coalesces into macro-scale instability. In mining engineering, abutment pressure most effectively characterizes the regional stress distribution of the surrounding rock. Therefore, examining the general patterns of mining-induced lateral stress evolution—through the vertical stress response under various room excavation conditions—provides fundamental insights and data to guide subsequent analysis.



Taking Scheme 4 as an example, Figure 3 illustrates the characteristic stress changes in the surrounding rock during the mining process, based on the evolution of vertical stress at different excavation stages.



During the excavation of Room 1, the limited mining scope resulted in a confined influence area. Vertical stress redistribution was localized around the room: stress reduction zones developed in the roof and floor, while stress concentration zones formed on both sides, with a peak stress of 8.61 MPa. As the number of excavated rooms increased, the range of stress disturbance expanded progressively. High-stress concentrations emerged within the pillars and the upper sidewalls of the rooms. The maximum stress reached 12.1 MPa upon the excavation of Room 6, and further increased to 13.5 MPa by Room 12, indicating that the stope had entered a fully mined state. When Room 18 was excavated, the peak stress reached 13.6 MPa, showing only a marginal increase.



The following section analyzes the stress distribution characteristics in the surrounding rock under different mining schemes.



Based on the vertical stress distribution contours under different mining schemes shown in Figure 4, it can be observed that as pillar width decreases, the stress disturbance range in the stope gradually expands and the stress concentration intensifies. The maximum vertical stresses for Schemes 1 through 4 are 10.8 MPa, 11.3 MPa, 11.9 MPa, and 13.7 MPa, respectively. The mining-induced stress influence zone in the roof extends approximately 30 m for Schemes 1, 2, and 3, whereas in Scheme 4 it reaches about 50 m. In Schemes 1 and 2, pillar stress concentration exhibits an “X”-shaped distribution pattern, with peak stress occurring at the bottom corners of the pillars. In contrast, Schemes 3 and 4 show overall high stress concentration throughout the pillars. In Scheme 4, influenced by the pressure arch effect in the stope, the central pillar experiences higher stress compared to the side pillars.



Figure 5 illustrates vertical stress profiles measured along the central pillars under the four mining schemes. Pillar stress is markedly higher than that in the adjacent roof and floor strata. Significant stress concentrations occur at both ends of the pillars. For Schemes 1 through 4, the maximum stress values at the pillar ends are 12.3 MPa, 13.2 MPa, 14.3 MPa, and 18.3 MPa, respectively. In Scheme 4, the reduced pillar dimensions result in an abrupt and pronounced increase in stress concentration.



Figure 6 presents the distribution of vertical stress on a horizontal section through the pillars for the different mining schemes. The results indicate that pillar stresses consistently exceed those in the surrounding rock, with pronounced stress concentrations occurring at both pillar ends. The maximum pillar stresses for Schemes 1 through 4 are 11.8 MPa, 12.6 MPa, 14.3 MPa, and 18.3 MPa, respectively. Among the four schemes, Scheme 4 exhibits the most significant degree of pillar stress concentration.



The pillars, with a height of 14 m, were instrumented with monitoring lines at different elevations: Lines 1 through 5 correspond to pillar heights of 2 m, 5 m, 7 m, 9 m, and 12 m, respectively. As shown in Figure 7, the side pillars—supported by the surrounding rock—consistently experience lower stress compared to the central pillars. In Scheme 1, the average stresses along monitoring lines 1–5 are 7.2 MPa, 8.2 MPa, 8.4 MPa, 7.8 MPa, and 7.1 MPa, respectively. Scheme 2 yields corresponding averages of 7.4 MPa, 9.2 MPa, 9.4 MPa, 9.0 MPa, and 8.1 MPa, while Scheme 3 shows values of 8.8 MPa, 11.5 MPa, 11.4 MPa, 11.0 MPa, and 9.1 MPa. Across Schemes 1–3, the pillar stress distribution follows a characteristic pattern of higher stress in the middle and lower stress near the ends. In contrast, Scheme 4 exhibits average stresses of 11.3 MPa, 11.1 MPa, 11.0 MPa, 11.4 MPa, and 11.8 MPa along the same monitoring lines, revealing a distinct stress profile with elevated concentrations closer to the roof.



As shown in Figure 8, based on monitoring data collected from internal pillar points and lines, the average pillar stresses were calculated as 7.7 MPa for Scheme 1, 9.3 MPa for Scheme 2, 11.2 MPa for Scheme 3, and 11.8 MPa for Scheme 4. These results indicate that as pillar width decreases, the vertical stress borne by the pillars increases. Moreover, influenced by the pressure arch effect in the stope, the central pillars consistently experience higher stress than the side pillars.



	(2)

	
Distribution Law of Surrounding Rock Displacement Field for Different Pillar Widths







Mining operations inevitably induce bending and subsidence deformation in the roof strata. The following analysis examines the variation in the displacement field of the surrounding rock under different stages of room extraction and across the four mining schemes.



As shown in Figure 9, excavation of the first room induces initial deformation in the surrounding rock. The roof exhibits a maximum subsidence of 16.4 mm, while the floor experiences heave with a maximum value of 10.8 mm. As mining progresses, the enlargement of the excavated space leads to increased roof displacement. By the sixth room, the maximum roof subsidence reaches 99.5 mm. Upon excavation of the 14th room, the roof begins to subside fully, with maximum subsidence increasing to 219.2 mm. When the 18th room is excavated, roof subsidence peaks at 235.7 mm. The deformation profile of the roof layer displays a characteristic symmetrical arch-shaped subsidence pattern.



As illustrated in Figure 10, roof subsidence increases with decreasing pillar width, exhibiting a settlement funnel profile characterized by greater displacement in the central region and lesser displacement toward the sides. In Schemes 1 through 3, mining induces overall roof settlement, with the maximum subsidence occurring at the midpoint of each room—except at the stope extremities. In contrast, Scheme 4—where pillars are narrowest—results in pervasive roof settlement, with peak subsidence concentrated in the central portion of the stope.



To monitor roof subsidence, three monitoring lines were positioned at distances of 1 m, 30 m, and 70 m from the room roof. As presented in Figure 11, the results indicate that room mining induces varying degrees of roof subsidence, with the displacement profile exhibiting a characteristic funnel-shaped distribution along the excavation section. According to the monitoring data, the maximum subsidence values are 31 mm for Scheme 1, 34 mm for Scheme 2, 51 mm for Scheme 3, and 245 mm for Scheme 4—the latter representing the most significant roof deformation among all schemes.



As shown in Figure 12, according to monitoring data collected at a depth of 10 m within the roof, roof subsidence increases progressively as pillar width decreases. The maximum subsidence values are 23 mm for Scheme 1, 25 mm for Scheme 2, 49 mm for Scheme 3, and 234 mm for Scheme 4.



	(3)

	
Distribution Law of Surrounding Rock Failure Zone for Different Pillar Widths







Due to the stress redistribution induced by room excavation, the surrounding rock in the stope exhibits varying degrees of failure. The following section provides a detailed analysis of the failure distribution patterns observed in the pillars under each mining scheme.



As shown in Figure 13, under Scheme 1, plastic failure zones are confined to the corners where pillars intersect with main roadways; other areas remain intact, with only minor shear failure observed in the pillars. In Scheme 2, plastic failure zones extend approximately 1 m from both ends of the pillars, representing a slightly larger affected area compared to Scheme 1, though the pillars remain generally stable. Under Scheme 3, extensive shear failure develops within the central portion of the pillars, occupying roughly 80% of the pillar volume, indicating compromised pillar stability. In Scheme 4, the pillars undergo complete plastic failure, with the plastic zone extending over 12 m into the floor and 8 m into the roof, demonstrating the most severe failure depth observed in the room roof. As shown in Table 3, the numerical simulation results under different mining schemes are presented.





3.2. Optimization of Mining Process Parameters Based on AHP-Fuzzy Method


3.2.1. Evaluation Index System


The optimization of process parameters in potash mining constitutes a complex systematic engineering challenge, influenced by multiple factors such as stope-pillar stability, backfilling costs, and technical complexity. These influencing factors cannot be precisely quantified using classical mathematical formulas, yet they play a decisive role in determining the overall mining process.



Fuzzy mathematical models are particularly suited for studying objects and relationships characterized by inherent fuzziness. Fuzzy comprehensive evaluation is an effective multi-criteria decision-making method for assessing systems influenced by various interrelated factors. Its key feature is that evaluation results are not expressed in absolute terms, but rather as fuzzy sets, allowing for graded and nuanced judgments [33,34]. The mining process optimization index system comprises both qualitative and quantitative indicators, which interact and constrain one another. The system is designed under the principle of maximizing information comprehensiveness while minimizing the number of indicators. Following Analytic Hierarchy Process (AHP) theory, the overall goal of this study is the optimization of stope process parameters in potash mining. Accordingly, an evaluation index system was established, consisting of 3 first-level indicators and 16 second-level indicators, as detailed in Table 4.




3.2.2. Fuzzy Decision Making


	(1)

	
Scheme Selection in Fuzzy Comprehensive Decision Making







To rank the elements in the set of alternative schemes (i.e., the universe of discourse) U = {u1, u2, …, un}, an expert group M consisting of m experts (denoted as |M| = m) can be formed to rank the elements in U separately, resulting in m opinions:


V = {v1, v2, ……, vm}











These opinions are often subjective and inherently ambiguous, reflecting experts’ overall impressions and influenced by psychological factors. Integrating such diverse viewpoints into a reasonably unified judgment is known as **fuzzy opinion aggregation decision-making**. Under defined conditions, ranking alternative schemes and determining their relative merits constitute the central research question addressed in this study.



	(2)

	
Classical Comprehensive Evaluation Decision Making







In practical assessment, evaluating an object or process often involves multiple factors or criteria, necessitating an integrated judgment based on all relevant dimensions rather than relying on a single factor. This approach is known as comprehensive evaluation. Fuzzy comprehensive evaluation serves as an effective multi-criteria decision-making method for such tasks, as it allows outcomes to be expressed not in absolute terms but as fuzzy sets, accommodating uncertainty and partial membership.



The weighted scoring method is widely employed in comprehensive evaluations. This approach recognizes that different factors (or indicators) play varying roles in the evaluation and therefore should not be treated equally. Determining the weight of each factor is particularly important, as it reflects the relative influence or significance of each factor within the overall assessment.



The weighted scoring method is generally expressed as:


  E =   ∑  i = 1   n      a   i       S   i      








where E represents the weighted average score, ai (i = 1, 2, …, n) is the weight of the i-th factor, and it is required that     ∑  i = 1   n      a   i     = 1    .



	(3)

	
Determination of Factor Weights Based on Analytic Hierarchy Process







The classic 9-scale method was used for hierarchical determination. Expert scoring and quantitative evaluation methods were employed to obtain the indicator weights as follows in Table 5:




3.2.3. Fuzzy Comprehensive Demonstration of Mining Technology


Based on expert scoring, the evaluation matrix is established as follows:
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After determining the B and R matrices, the fuzzy transformation method is used to convert the fuzzy vector A on U into the fuzzy vector B on V, i.e., B = A × R = [b1, b2, …, bm], where “×” is the composition operator.



After the comprehensive evaluation model is established, the final total score is determined by calculating F = B × STT, where F and ST represent the total system score and the grade scores of the corresponding factors, respectively.



Based on the comprehensive evaluation matrix S and the weight coefficient A determined for the factors via the Analytic Hierarchy Process (AHP), the comprehensive fuzzy evaluation value is calculated: B = A × S. The calculation results are as follows:



According to the fuzzy comprehensive evaluation results, Scheme 5—Simultaneous Backfilling with 8 m Mining and 6 m Pillar Retention—has become the preferred option following this evaluation, due to its high ore recovery rate, superior economic indicators, and low safety risk.





3.3. Engineering Practice


As of the writing of this paper, 351-stope has commenced stoping operations. Preliminary on-site observations (as shown in the Figure 14) indicate that the stope maintains good overall stability during the first round of stoping and multiple undercutting operations. No significant signs of instability, such as noticeable roof subsidence or pronounced convergence of the sidewalls, have been observed. Both the roof and the sidewalls remain in a stable condition.



Given that 351-stope is still in the early stages of extraction, systematic internal monitoring data are still being accumulated. This study prioritizes the analysis of long-term deformation monitoring data from the adjacent North No. 5 Main Conveyor Drift, which has been in stable service for many years, to assess the macroscopic deformation characteristics of the salt-bearing strata in the mining area. Deformation monitoring of this drift was conducted using a total station, covering the period from January 2023 to December 2025. The monitoring data over approximately three years are shown in Figure 15. The results indicate that the maximum roof subsidence of the drift is 24 mm, the maximum floor heave is 61 mm, and the maximum relative convergence of the sidewalls is 10 mm. These deformation values are generally at a low level, suggesting that under the current mining-induced disturbances, the deformation response of the salt-bearing strata in the mining area is relatively moderate, and the overall stability is satisfactory.





4. Conclusions


This study systematically investigates the coupled mechanical behavior and long-term stability of the “stope–pillar–hard roof” system in a deep Laotian potash mine through a combination of theoretical analysis, 3D numerical simulation (FLAC3D), and an AHP–Fuzzy multi-criteria decision framework. The research elucidates how mining-induced stress redistribution, potash rheological (creep) behavior, and hard-roof parameters interact to govern pillar stress concentration, deformation, and failure evolution. Furthermore, it establishes a practical multi-objective optimization method for pillar width selection, balancing safety, technical feasibility, and economic efficiency. The key findings are summarized as follows:



The overlying hard roof fundamentally alters load transfer within the stope system. Stiff and thick roof strata induce stress arching, concentrating vertical stress in central pillars and accelerating high-stress zone formation compared to scenarios without a hard roof.



The strength of potash pillars may degrade under sustained loading over time. Numerical analyses based on an instantaneous strength criterion demonstrate that even under constant load, pillars can exhibit progressive stress redistribution and plastic zone expansion. This leads to a long-term load-bearing capacity that is substantially lower than the instantaneous strength would suggest—a time-dependent characteristic that must be explicitly accounted for in pillar design.



Roof stiffness and thickness significantly influence pillar stability. Numerical simulations indicate that increased roof stiffness or thickness amplifies stress concentration within the pillars. Under sustained long-term loading, this stress concentration may further interact with time-dependent material behavior, thereby increasing the potential for progressive deformation and instability risks. The present model focuses on revealing the instantaneous mechanical response, while the long-term coupling effects warrant further investigation.



Pillar width non-linearly affects the trade-off between safety and recovery. Excessively narrow pillars result in unacceptable stress concentration and rapid plastic failure, whereas overly wide pillars reduce recovery efficiency. Mechano-economic analysis reveals an optimal pillar width range that ensures long-term stability with reasonable ore recovery.



The AHP–Fuzzy multi-criteria decision model effectively integrates heterogeneous indicators—safety, technical feasibility, and economic benefit—objectively ranking alternative pillar schemes. This approach reduces reliance on single-factor heuristics and supports balanced design decisions in complex geomechanical environments.



These findings provide a realistic foundation for pillar design in soft, time-dependent potash deposits overlain by stiff strata and offer guidance for safer, more resource-efficient underground potash mining.
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Figure 1. 351-Stope Location. 
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Figure 2. Numerical Simulation Model for the Stope. 
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Figure 3. Characteristics of Surrounding Rock Stress Changes at Different Mining Stages (Scheme 4). 
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Figure 4. Vertical Stress Distribution Contour under Different Mining Schemes (X = 100 m Section). 
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Figure 5. Vertical Stress Distribution Contour under Different Mining Schemes (Y = 150 m Section). 
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Figure 6. Vertical Stress Distribution Contour under Different Mining Schemes (Z = 22 m Section). 
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Figure 7. Pillar Stress Distribution under Different Mining Schemes (Pillar Stress Monitoring Lines). 
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Figure 8. Average Pillar Stress Distribution under Different Mining Schemes. 
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Figure 9. Vertical Displacement Contour under Different Room Excavation Conditions for Scheme 4. 






Figure 9. Vertical Displacement Contour under Different Room Excavation Conditions for Scheme 4.



[image: Applsci 16 01275 g009]







[image: Applsci 16 01275 g010] 





Figure 10. Roof Subsidence Displacement Contour under Different Mining Schemes. 
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Figure 11. Roof Subsidence Monitoring Chart under Different Mining Schemes. 
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Figure 12. Roof Subsidence Curve under Different Mining Schemes (at 10 m depth). 
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Figure 13. Distribution Diagram of Pillar Failure Zones. 
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Figure 14. Field Photograph of Stope Stoping. 
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Figure 15. Monitoring Diagram of Surrounding Rock Deformation in the North No. 5 Main Conveyor Drift. 
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Table 1. Basic Rock Physical and Mechanical Property Parameters for Potash Mining.
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	No.
	Stratum
	Thickness (m)
	Density (g/cm3)
	Elastic Modulus E (GPa)
	Poisson’s Ratio μ
	Compressive Strength (MPa)
	Tensile Strength (MPa)
	Cohesion C (MPa)
	Internal Friction Angle φ (°)





	1
	Surface Soil Layer
	16
	2.01
	0.02
	0.23
	
	0.1
	
	



	2
	Brownish-Red Mudstone
	37
	2.52
	0.119
	0.307
	2
	0.21
	0.82
	40.3



	3
	Bluish-Grey Mudstone
	5
	2.67
	0.119
	0.307
	1.4
	0.18
	0.83
	38.3



	4
	Grey-White Halite (Rock Salt)
	32
	2.04
	2.178
	0.241
	13.1
	0.35
	0.31
	44.3



	5
	Brownish-Red Mudstone
	69
	2.52
	0.119
	0.307
	2
	0.21
	0.82
	40.3



	6
	Bluish-Grey Mudstone
	16
	2.67
	0.119
	0.307
	1.4
	0.18
	0.83
	38.3



	7
	Grey-White Sylvite Ore
	6
	2.04
	5.625
	0.193
	6.3
	0.35
	0.31
	44.3



	8
	Argillaceous Halite
	6
	2.06
	2.178
	0.241
	13.1
	0.35
	0.31
	44.3



	9
	Grey-White to Colorless Carnallite Ore
	20
	1.66
	3.522
	0.171
	13.1
	0.98
	1.843
	47.28



	10
	Grey-White Medium- to Coarse-Grained Halite (Salt Rock)
	12
	2.06
	2.178
	0.241
	13.1
	0.35
	0.31
	44.3










 





Table 2. Basic Rock Physical and Mechanical Property Parameters for Potash Mining (The physical and mechanical properties of the rock are shown in the parameters of the Grey-White to Colorless Carnallite Ore formation in Table 1).
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	Scheme Name
	Room Length (m)
	Room Height (m)
	Room Span (m)
	Pillar Width (m)
	Description





	Scheme 1
	90
	14
	8
	10
	Mine 8 m leave 10 m



	Scheme 2
	90
	14
	8
	8
	Mine 8 m leave 8 m



	Scheme 3
	90
	14
	8
	6
	Mine 8 m leave 6 m



	Scheme 4
	90
	14
	8
	4
	Mine 8 m leave 4 m










 





Table 3. Numerical Simulation Results under Different Mining Schemes.
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	Scheme Name
	Average Pillar Stress (MPa)
	Maximum Pillar Stress (MPa)
	Average Roof Subsidence (mm)
	Maximum Roof Subsidence (mm)
	Pillar Failure Zone Distribution Characteristics
	Remarks





	Scheme 1
	7.7
	11.9
	29
	32
	Failure at end corners
	



	Scheme 2
	9.3
	12.8
	32
	35
	Failure at end corners
	



	Scheme 3
	11.2
	14.5
	48
	55
	Complete failure
	



	Scheme 4
	11.8
	18.5
	230
	250
	Complete failure
	










 





Table 4. Evaluation Index System for Optimization of Mining Process Parameters in Potash Mines.
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First-Level Indicator

	
Second-Level Indicator

	
Indicator Content






	
Safety Indicator C1

	
Roof Subsidence D1

	
Quantitative analysis of roof subsidence value combined with numerical simulation.




	
Pillar Stress Concentration Factor D2

	
Quantitative analysis of pillar stress combined with theoretical analysis and numerical simulation.




	
Pillar Plastic Failure Zone D3

	
Distribution of plastic zones from theoretical calculation and numerical simulation.




	
Goaf Exposure Time D4

	
Interval time (days) from completion of mining to completion of backfilling in the stope; longer time implies higher risk.




	
Cross-interference Risk at Working Face D5

	
Accidents caused by spatial and temporal overlap of mining and backfilling operations.




	
Difficulty of Water Prevention D6

	
Difficulty of roof water prevention and backfill water prevention under different mining methods.




	
Technical Indicator C2

	
Backfilling-Mining Coordination D7

	
Delay rate (%) of backfilling operations on the mining cycle; lower delay rate indicates better coordination.




	
Backfill Body Roof Contact Rate D8

	
Actual contact area/Goaf roof area (%).




	
Mining Cycle Efficiency D9

	
Single cycle ore output/Cycle days (t/day).




	
Stope Structure Adaptability D10

	
Adaptability to different structural ore layers.




	
Later Maintenance Difficulty D11

	
Difficulty of later maintenance after mining and backfilling completion.




	
Economic Indicator C3

	
Ore Recovery Rate D12

	
Resource recovery rate.




	
Unit Backfill Material Cost D13

	
Cost variation due to different backfill materials.




	
Equipment Investment Cost D14

	
Backfilling equipment cost.




	
Unit Production Capacity Cost D15

	
Total production cost/Annual ore output.




	
Later Governance Cost D16

	
Annual average later governance cost.











 





Table 5. Indicator Weight System.
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Bottom-Level Indicator

	
C-D

	
Weight Ranking (Weight Coefficient A)




	
C1

	
C2

	
C3




	
0.4934

	
0.1958

	
0.3108






	
D1

	
0.3335

	

	

	
0.1645




	
D2

	
0.2348

	

	

	
0.1159




	
D3

	
0.1904

	

	

	
0.0939




	
D4

	
0.0969

	

	

	
0.0478




	
D5

	
0.0947

	

	

	
0.0467




	
D6

	
0.0496

	

	

	
0.0245




	
D7

	

	
0.3911

	

	
0.0766




	
D8

	

	
0.2319

	

	
0.0454




	
D9

	

	
0.1863

	

	
0.0365




	
D10

	

	
0.0886

	

	
0.0173




	
D11

	

	
0.1021

	

	
0.0200




	
D12

	

	

	
0.3826

	
0.1189




	
D13

	

	

	
0.1502

	
0.0467




	
D14

	

	

	
0.0981

	
0.0305




	
D15

	

	

	
0.2987

	
0.0928




	
D16

	

	

	
0.0703

	
0.0218
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