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Abstract


In previous research, the group proposed a low-cost seismic isolation device, the rubber sand core composite block (RSMCB). This study builds upon newly conducted experiments to elucidate the vertical bearing capacity of the RSMCB through discrete element method (DEM) simulations. The effects of rubber content, cover plate forms, dimensions, and sidewall lengths are examined. A formula for vertical bearing capacity was derived from experimental and simulation results. The main findings are as follows: (1) The RSMCB exhibits nonlinear behavior under vertical loads. Sand and rubber particles have rough surfaces, leading to strong interparticle friction. This friction facilitates the formation of robust force chains. When the applied force is within the friction angle range, particles enter a self-locking state, ensuring stability and enabling RSMCB to withstand substantial vertical loads. (2) Higher rubber content increases pores in the RSMCB, resulting in greater vertical displacement of the cover plate. Employing a larger cover plate mitigates the vertical displacement. (3) When utilizing a square straight-cylinder cover plate for the RSMCB, its load-bearing capacity is increased by 187% compared to a square cover plate. (4) At a rubber content of 50%, minimal contact occurs between sand particles. Rubber particles control overall strength. (5) Theoretical formulas can be employed directly to ascertain the bearing capacity of the RSMCB.
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1. Introduction


Earthquakes represent a significant geological hazard that continuously threatens human safety. In numerous seismic events, residential structures in rural areas sustain considerable damage due to their low construction costs and inadequate seismic performance [1,2,3]. Within structural engineering, base isolation is recognized as one of the most effective technologies for seismic protection [4,5], capable of substantially mitigating earthquake-induced damage to buildings. However, the high cost associated with base isolation systems often restricts their application to critical infrastructure [6]. Consequently, it is imperative to investigate cost-effective, environmentally sustainable, and practical seismic isolation solutions tailored for rural housing. Conventional base isolation systems, such as laminated rubber bearings [7], are typically associated with high costs, primarily due to the demands for precision manufacturing, rigorous quality control, and specialized installation procedures. The manufacturing process, which involves synthetic rubber and steel shims, contributes significantly to carbon emissions. Although these systems are highly effective and widely used in critical infrastructure, their high cost often limits their application in low-cost rural housing. This study does not aim to replace conventional systems but rather to provide a supplementary, cost-effective, and sustainable alternative tailored for the seismic protection of rural housing with limited financial and technical resources.



In recent decades, human activities have significantly exacerbated the depletion of natural resources and the challenges associated with landfill management. A novel type of artificial soil, known as rubber sand mixture (RSM), composed of recycled rubber particles and natural sand, exhibits superior resilience, strength, ductility, and damping properties compared to conventional natural soils [8,9,10,11,12,13,14]. RSM has emerged as a widely adopted method for soil enhancement [15,16,17] and has found extensive applications in civil engineering. For instance, it is utilized to reduce lateral earth pressure on retaining walls [18,19,20], serve as lightweight backfill material for foundations and lifelines [21,22,23], mitigate settlement in dams [24,25], provide a filtration layer for site drainage systems [26], and function as an effective foundation isolator for seismic protection purposes [27]. A comprehensive summary can be found in the study conducted by Wu et al. [28]. Beyond traditional approaches, Liu et al. [29] developed a random forest model that can predict the performance of low-cost isolation systems with 92% accuracy. Although machine learning (ML) is not utilized in the current study, it represents a promising complementary approach for future research, particularly in enhancing the efficiency and interpretability of DEM analyses.



Research on low-cost seismic isolation technologies has primarily concentrated on developing new materials and structural designs, shock absorbers and isolation devices, infrastructure modification and maintenance, numerical modeling, and experimental investigations [30]. However, there remains a notable paucity of research focused on utilizing RSM as a cost-effective base isolation solution. Consequently, preliminary research efforts filled the voids of hollow blocks with RSM at an optimal ratio to create an energy-absorbing core. A standard sintered brick (either half or one-third size) was employed as a cover plate to encapsulate the core, resulting in the formation of a rubber-sand core composite block (RSMCB) [31], which was subsequently positioned between the foundation and structural beam at the base of the wall (Figure 1).



Current low-cost seismic isolation technologies often fail to meet the practical requirements of rural construction due to several limitations. For example, friction-based systems [32] require surface finishing with tolerances of less than 0.5 mm, a level of precision rarely achievable in rural settings. PVC-based systems [33] exhibit insufficient vertical stiffness, commonly leading to excessive settlement, often exceeding 80 mm, in two-story buildings. Similarly, tire-derived aggregate (TDA) layers [34] are susceptible to lateral particle dispersion under seismic loading due to inadequate confinement. The RSMCB technology effectively addresses these challenges. Its flexible RSM core accommodates construction tolerances up to ±5 mm, making it well-suited for rural environments. Furthermore, the vertical stiffness can be adjusted by varying the rubber content between 30% and 50%, ensuring that settlement remains below 70 mm. The hollow block design also provides effective lateral confinement, significantly enhancing particle stability and seismic performance.



In addition to its technical advantages, the RSMCB offers notable cost and sustainability benefits over conventional isolation systems. Its primary components, recycled tire rubber and sand, are low-cost, widely available, and environmentally friendly. The construction process is straightforward and does not rely on specialized equipment or skilled labor, further supporting its applicability in resource-constrained areas. While a full life-cycle cost assessment is beyond the scope of this study, the performance data presented here provide a critical foundation for future comprehensive economic and environmental evaluations.



If the RSMCB is applied in seismic isolation, it is essential to investigate its vertical bearing capacity first. However, traditional experimental approaches fail to elucidate the underlying micro-mechanics [35,36,37]. Consequently, the discrete element method (DEM) [38,39,40] can be employed to simulate vertical bearing capacity tests of RSMCB, thereby facilitating a more profound understanding of the micro-mechanical behavior and internal mechanisms of RSM. The stress–strain characteristics obtained from DEM simulations were calibrated against experimental results from laboratory triaxial tests, effectively revealing the micro-mechanical response of the RSM under varying strain conditions [12].



In this study, the vertical bearing capacity of the RSMCB was initially evaluated. Subsequently, the effects of varying rubber contents, cover plate forms, dimensions, and sidewall lengths on the vertical bearing capacity of RSMCB were analyzed from a microscopic perspective using DEM. The findings from the microscopic analysis, including interparticle contact forces, displacement, and rotation of particles, were examined and discussed. Furthermore, a formula for calculating the vertical bearing capacity of RSMCB was derived through theoretical analysis. This research will facilitate the rational design and application of RSMCB, provide a theoretical foundation for assessing the feasibility of utilizing RSM as a lightweight filler material, and advance the application and development of DEM in the study of shock-absorbing materials.




2. DEM Procedure and Test


2.1. Model and Materials


A 300 mm × 300 mm × 300 mm model size was selected because it corresponds to the cross-sectional dimensions of a single load-bearing unit commonly found in rural masonry houses, which is consistent with on-site surveys conducted in China [41]. The ratio of the model size to the maximum particle size is sufficiently large (>10) to minimize boundary effects and effectively capture the macroscopic mechanical behavior. The boundary wall served as a constraint, and an appropriate height was incorporated to prevent the particles from spilling over. The simulations employed an explicit time integration scheme, with the timestep automatically determined as a fraction of the Rayleigh critical timestep to ensure numerical stability. All wall boundaries were modeled as rigid and frictionless surfaces. The density of the sand particles was set at 2.56 g/cm3, while that of the rubber particles was established at 1.17 g/cm3, and initial porosity was defined as 0.2, following recommendations by Valdes et al. [8], Lee et al. [12], and Perez et al. [42]. The total number of model particles is regulated through the porosity ratio  e , as expressed in the following equation, to account for the modifying effects of grading.



The linear contact stiffness model describes the contact behavior between particles, employing the elastic constants Young’s modulus  E  and Poisson’s ratio  v . This model is chosen because it reasonably approximates the mechanical behavior of the rubber-sand mixture under the studied conditions. The parameters  E  and  v  are related to the effective modulus    E *    and normal shear stiffness ratio    k *  =  K n  /  K s    at the contact. The linear contact stiffness model is suitable for simulating the elastic behavior of the particles, which is a key aspect of the RSMCB’s mechanical response. The model captures the essential contact mechanics, enabling a detailed analysis of particle interactions and their contribution to the overall behavior of the RSMCB. The normal secant stiffness    K n    and the tangential tangent stiffness    K s    are given in Table 1.



The linear model of the granular microstructure is derived from the work of Wang et al. [43] and is illustrated in Figure 2. The interaction between two granular solids can be represented by a cell in a physically simplified manner. The model comprises a solid element, a spring, a damper, and a friction slider. The spring establishes a linear elastic relationship between relative displacement and contact force, while the damper provides viscous damping in both shear and normal directions. The linear contact model was selected owing to its computational efficiency and the demonstrated ability to capture the fundamental macroscopic quasi-static response of RSM under monotonic loading in previous research [43]. However, when dealing with dynamic seismic loading, the viscoelastic behavior of rubber cannot be fully captured. In future research, more sophisticated contact models (such as Burger’s model) will be explored for seismic simulation.



The physical parameters of sand and rubber particles selected based on the study of Wu et al. [28] are as follows. Sand particles: shear modulus    G s  = 33   GPa, Poisson’s ratio    v s  = 0.32  , and friction coefficient    f s  = 0.39  . Rubber particles: shear modulus    G r  = 0.0078   GPa, Poisson’s ratio    v r  = 0.5  , friction coefficient    f r  = 1  . Figure 3 compares the solution (volume strain is defined by the sign of compression, with compression being positive and expansion being negative) under different confining pressures. Where, σ1 is axial pressure, σ3 is confining pressure and ε1 is axial strain.



The fact that the calculated characteristic values of the deviatoric stress and volumetric strain obtained by DEM simulation match the characteristic values obtained from laboratory triaxial tests proves that the adopted mesoscopic particle parameters are reasonable [28]. These parameters are crucial for the linear contact model between the RSM particles. Pure sand exhibits strain-softening characteristics with evident dilatancy after initial contraction, while pure rubber exhibits strain-hardening characteristics with persistent shrinkage. It indicates significant differences in the mechanical properties of the two components blended into the RSM.



However, the calibration process in the present study has some limitations, including the neglect of realistic particle-scale properties, which may lead to an overestimation of contact points. Reddy et al. [44] proposed that DEM samples can be calibrated at two stages: one based on microscopic (grain-scale parameters) and the second based on elemental-size experiments. This approach could be a potential future direction, as it considers macroscopic experimental data from laboratory tests and microscopic parameters from grain-scale experiments, rationalizing the discrete-based numerical input parameters as much as possible.




2.2. Test and Validation of DEM


The grading curve and characteristics of the rubber and sand particles, presented in Figure 4 and Table 2, are essential for understanding the physical properties of rubber and sand. It is crucial to emphasize that the mechanical properties of recycled tire rubber can exhibit batch-to-batch variations, which are affected by the source material and processing techniques. In this research, representative average values are employed. Investigating the impact of this variability on the macroscopic response of RSMCB materials represents a significant area for future research endeavors. This study was conducted with support from Hunan University of Technology (Figure 5), utilizing a mechanical jack to apply vertical loads to the RSMCB, thereby obtaining the vertical load-bearing capacity curve of the RSMCB.



Figure 6 illustrates the DEM simulation and experimental curves of the RSMCB with varying rubber contents for a square cover plate measuring 160 mm on each side. The vertical displacement denotes the total settlement of the cover plate relative to its initial position under the applied vertical load. An increase in rubber content results in heightened internal porosity, decreasing the vertical stiffness of the RSMCB, thereby causing greater vertical displacement. The DEM model was validated through a direct comparison of the simulated load–-displacement curves with those obtained from laboratory experiments. The close agreement in initial stiffness, yield transition, and overall trend confirms the appropriateness of the selected micromechanical parameters and demonstrates the model’s ability to reproduce the macroscopic vertical bearing behavior of the RSMCB accurately.




2.3. Further Parameter Analysis


The following working conditions were established to further investigate the microscopic behavior of the RSMCB through DEM and to assess the impact of multiple parameters on its vertical bearing capacity. (1) Three different rubber contents were selected: 30%, 40%, and 50%. (2) Three cover plate forms were considered: square, cylindrical, and square straight-cylinder. (3) The selection of cover plate dimensions aimed to strike a balance between preventing puncture failure and minimizing rigid contact. Thus, cover plate dimensions were set at diameters or side lengths of 160 mm, 200 mm, and 240 mm. (4) Thirteen sidewall lengths for the cover plates were designed. For specific operating conditions, refer to Table 3. In addition, Figure 7 illustrates three cover plate configurations designed for the RSMCB: (a) a square cover plate with 30% rubber content, featuring unconstrained corners and a length of 160 mm; (b) a cylindrical cover plate with 40% rubber content, having both a diameter and a sidewall length of 160 mm, which provides uniform circumferential constraint and reduces lateral particle dispersion; and (c) a square straight-cylinder cover plate with 50% rubber content, combining a square base (160 mm length) with a sidewall constraint of equal length.





3. Particulate-Scale Results


3.1. Inter-Particle Forces


Figure 8 illustrates the vertical load-bearing capacity of the RSMCB, featuring a 160 mm diameter cylindrical cover plate with a rubber content of 30%. An analysis was conducted on the internal particle forces within the RSMCB to evaluate the progression of force development. Six points, labeled A to F, were selected along the vertical load curve, corresponding to displacement values of 0, 20, 40, 60, 70, and 80 mm. The vertical displacement of the RSMCB exhibits an approximately proportional relationship with load before the displacement reaches 70 mm. The observation indicates that rubber particles are highly compressible initially and can deform in response to increasing loads. Once displacement exceeds 70 mm, further reduction in gaps between particles occurs. The compaction effect results in an increase in the overall equivalent stiffness of the RSMCB device. Consequently, the phenomenon is represented by a significant upward slope on the simulation curve following displacements beyond 70 mm.



The mechanical properties of soil are influenced by a complex network of interparticle contact forces, with variations in the forces arising from the geometric and spatial inhomogeneities of soil particles. Normal contact forces are depicted by solid lines, where the thickness of each line is proportional to the magnitude of the force, thereby providing an intuitive representation of force distribution among particles [45]. These force chains penetrate the soil heterogeneously, significantly influencing its macroscopic mechanical behavior.



Figure 9 illustrates the normal contact force chain diagram of the RSMCB as it is compressed from the initial position (0 mm) to 80 mm under standard operating conditions. These conditions are categorized into three cases: (a) square cover plate, (b) cylindrical cover plate, and (c) square straight-cylinder cover plate. In the initial state at a displacement of 0 mm, contact forces are primarily concentrated beneath the cover due to its weight. As vertical pressure is applied to the cover, the contact forces undergo redistribution, indicating that the RSMCB possesses an inherent capacity for concentrating contact forces. The internal arrangement of particles within the RSMCB is dense and constrained by both the lid and surrounding blocks. Consequently, particle movement is limited, rendering them highly sensitive to external loads. Under vertical pressure, relative deformation occurs among these particles.



The surface roughness of the sand and rubber particles contributes to high friction, facilitating the formation of robust force chains (the contact force network that bears the main load). When an external force is applied within the limits of the friction angle, the particles within these force chains achieve a state of self-locking (particle rotation is restricted due to geometric interlocking and frictional constraints, which impede relative motion between grains), exhibiting significant stability and capacity to withstand substantial vertical forces. However, when the vertical force exceeds a certain threshold, the force chains may fail, disrupting the internal equilibrium among particles. External forces induce a redistribution of contact forces until a new stable form is established.



The number of contacts, structural anisotropy, and normal contact force anisotropy significantly influence the stiffness of the RSMCB. The texture orientation is employed to assess the anisotropic behavior of soil particles under loading conditions. The rose diagram in Figure 10, depicting the number of contacts, illustrates the contact anisotropy for RSMCB samples under load. The rose diagrams symmetrically represent the distribution of contact points within an angular range from 0 to 180 degrees, where the radial length corresponds directly to the number of contact points, thereby reflecting the distribution of normal contact forces.



The bearing capacity test was conducted vertically downward, which explains why the 90-degree direction consistently dominates the results. The differences in the rose diagrams before loading can be attributed to the varying cover plate shapes, dimensions, and rubber contents, which influence the initial contact distribution. As the load increases, the cover descends, gradually activating particle contacts aligned parallel to the vertical axis. It is evidenced by a significantly higher number of particle contacts after loading than before loading, which, in turn, enhances the stiffness of the RSMCB. Due to its design characteristics, the square cover plate lacks sufficient restraint on the particles, resulting in an increased number of contacts. Consequently, the difference in the number of contacts before and after loading is more pronounced.



The increase in rubber content has a significant influence on the mechanical behavior of the RSMCB. Among the three rubber content variations examined, the RSMCB with 50% rubber content demonstrates the most effective capacity for absorbing seismic energy. That is due to the significant volumetric compression of the RSM, which results in greater vertical displacement and enhanced energy dissipation. At all levels of rubber content, contacts between rubber particles exhibit strong contact forces. When the rubber content reaches 50%, there is a notable decrease in sand–sand contacts, while contacts among rubber particles increase substantially. The isotropic nature of particles facilitates force transmission in all directions, resulting in the overall strength and stiffness of the RSMCB being predominantly governed by the rubber particles. The compaction effect resulting from increased rubber content leads to an increase in the overall equivalent stiffness of the RSMCB device.



However, this increase in stiffness does not negatively impact its capacity to absorb seismic energy, as the enhanced stiffness contributes to the stability and load-bearing capacity of the RSMCB. During relative movement, the friction between particles, the rearrangement of the force chain network under load, and the energy dissipation caused by the deformation of the rubber particles themselves constitute the primary sources of energy dissipation. As a result, the observed development of robust force chains directly improves the composite block’s capacity to absorb and dissipate seismic energy.




3.2. Particle Displacement Vector


Figure 11 illustrates the particle displacement vectors under typical operating conditions. All samples exhibit a vertical compression displacement of 80 mm, resulting from the downward movement of the cover plate. Each vector represents the displacement of an individual particle, with its starting point corresponding to the initial position and its endpoint indicating the final position. The length of each vector reflects the distance traveled by the particle. The particles undergo expansion upon exiting the compression zone [46,47], resulting in a downward pushing force exerted by the particles on the bottom plate across all operational conditions.



It was observed that variations in rubber content led to significant differences in vector thrust. Zhou et al. [47] reported a similar disparity in thrust behavior. The particles tend to create more extensive strain localization areas, enhancing expansion. The particles of the cylindrical and square straight-cylinder cover plate of the RSMCB consistently moved downward, spread outward upon contacting the bottom surface, and collectively ascended through the unpressurized region outside the cover plate.



In contrast, the square cover plate RSMCB particles exhibited a more chaotic movement pattern with pronounced extrusion effects. The larger diameter of the plate allows for more particle accommodation and enables it to withstand higher vertical forces for equivalent vertical displacements. The phenomenon can be attributed to the increased number of vectors present at the base of the RSMCB.





4. Bearing Capacity Analysis of RSMCB


4.1. Effect of Rubber Content and Cover Plate Form


Figure 12 illustrates the vertical bearing capacity curve of the RSMCB with varying rubber contents for a cylindrical cover plate with a diameter and sidewall length of 160 mm. The rubber content range of 30–50% was selected based on previous related experiments conducted by the research group [31] and common practice in previous RSM applications [28], aiming to balance stiffness and energy absorption. While extremes (<30% or >50%) were not explored in this study, they represent a valuable direction for future optimization studies targeting specific performance objectives (e.g., maximum stiffness or maximum damping).



As the rubber content in the RSMCB increases, so does the initial porosity among the rubber particles within the RSM, resulting in increased vertical displacement of the cover plate. The specimen achieves a consistent vertical bearing capacity of 100 kN. Compared to the specimen with a rubber content of 30%, displacement for the specimen containing 40% rubber content increases by 16.9%, while that for the specimen with 50% rubber content rises by 25.6%. At a rubber content of 50%, the rubber granules are soft materials characterized by high deformation capacity. They can undergo substantial deformation when subjected to stress, further filling voids between both rubber and sand granules, resulting in significant volumetric compression of the RSM. Consequently, it leads to greater vertical displacement exhibited by the RSMCB. A higher rubber content (50%) enhances energy absorption and damping capacity by enabling larger deformations, whereas a lower rubber content (30%) yields greater stiffness and smaller displacements. Consequently, an intermediate rubber content (e.g., 40%) may provide a practical balance suitable for a wide range of applications. However, the optimal rubber content ultimately depends on the specific design requirements.



Figure 13 illustrates the impact of three different cover plate forms on the vertical bearing capacity of the RSMCB at a rubber content of 30%. The results indicate that both cylindrical and square straight-cylinder covers exhibit a bearing capacity at least 50% greater than that of the square cover, attributable to the restraining effect provided by the sidewall. It underscores the significance of the cover plate sidewall in enhancing bearing capacity. The selected nodes correspond to points 1 and 2 in Figure 13, where the bearing capacity curves for both cylindrical and square covers intersect. Within a vertical displacement range of 0–37 mm, the bearing capacity curves for these two cover types are nearly identical. However, between displacements of 37–77 mm, the square straight-cylinder cover demonstrates a more pronounced increase in bearing capacity. If design specifications necessitate controlling vertical displacement to less than 70 mm, opting for a square straight-cylinder cover plate would be advisable. Conversely, when vertical displacement exceeds 77 mm, the cylindrical cover plate is more effective at compacting the RSM due to its uniformly distributed force from the round sidewall. It reduces voids between particles and significantly enhances stiffness and load-bearing capability.




4.2. Effect of Cover Plate Dimension and Sidewall Length


Figure 14 presents the bearing capacity curves for RSMCBs with a rubber content of 30% and various sizes of cylindrical covers (sidewall length 160 mm). It can be found that under the same vertical load, the smaller the cover plate dimensions, the greater the vertical displacement of the corresponding RSMCB. The phenomenon occurs because reduced cover plate dimensions increase RSM expulsion and lateral dispersion. Some sand particles may overflow from the sides of the block, leading to a substantial increase in vertical displacement. In contrast, the RSMCBs with 200 mm and 240 mm cover plate dimensions exhibit a more gradual increase in vertical displacement. The behavior can be attributed to the deformation of rubber granules under vertical load, which fills voids within the RSM and causes compaction, generating vertical displacement. As loading escalates, the RSM is displaced laterally and bulges outward. The RSMCB demonstrates enhanced control displacement development when utilizing 200 mm and 240 mm cover plate dimensions, thereby improving superstructure stability. The dimensions are recommended as suitable options for cover plates.



Figure 15 shows the load-bearing capacity curves for RSMCBs with 13 different cover plate sidewall lengths, a rubber content of 30%, and a cylindrical cover plate with a diameter of 200 mm. All RSMCBs exhibit good load-bearing performance due to the restraint of the sidewalls. When the length of the sidewalls varies from 20 mm to 140 mm, the change in the load-bearing capacity of the RSMCB is relatively small. When the length of the sidewalls is increased to 160 mm and 180 mm, the load-bearing capacity of the RSMCB is increased by nearly 30% compared to the 20 mm sidewall length. It shows that increasing the length of the sidewalls within a certain range can significantly improve the load-bearing capacity. In addition, within a vertical displacement of 60 mm, the RSMCBs with a sidewall length of 220 mm and 230 mm have a bearing capacity similar to that of the RSMCB with a sidewall length of 200 mm. However, after a vertical displacement of more than 60 mm, the RSMCBs exhibit a higher bearing capacity due to the increased cover plate, which can compress the RSM more effectively.




4.3. Theoretical Exploration of RSMCB


In an earthquake, the RSMCB is a buffer, providing damping and energy dissipation. It is accomplished by the deformation of rubber particles, which absorb and release energy during seismic events. Concurrently, the structural design of both blocks and cover plates effectively restrains the RSM to prevent excessive flow or displacement during stress application, thereby enhancing the vertical bearing capacity of the RSMCB. The performance of the RSMCB is validated by examining both the compression modulus Es and elastic modulus E0 of the elastomer, as illustrated in Figure 16, under conditions that ensure no failure occurs within the RSMCB. Equation (10) describes the relationship between the vertical load applied to the RSMCB and the vertical displacement of its cover plate, considering the elastic modulus as a calculation parameter. The applicability of this equation has been validated within the rubber content range of 30–50%, as well as for the specific cover plate sizes and displacement limits examined in this study.


  ε = C × S / h  



(6)






  E s = A × exp × ( B × ε )  



(7)






   E 0  = ( 1 − ( 2  m 2  ) / ( 1 − m ) ) ×  E s   



(8)






  β = 1 − ( 2  μ 2  ) / ( 1 − μ )  



(9)






  F =  E 0  × ε × b  



(10)







Among them,  F  and  S  refer to the force and displacement on the cover plate,  h  is the initial thickness of the rubber sand,  ε  is the compression strain,  C  is the correction factor, which is inversely proportional to the trend of the compression modulus of the RSM, and a smaller value appears when the rubber content is 40%.  b  is the sum of the area of the cover plate and the area of the sidewall,  μ  is the Poisson’s ratio of the rubber sand, and  β  is the coefficient related to the Poisson’s ratio of the rubber sand. Figure 17 shows the parameters  A  and  B  obtained by fitting the RSM stress–strain curves with different rubber contents. Table 4 lists the parameters related to RSMCB.



Figure 18 compares the theoretical and experimental curves for the diameter of a 160 mm cylindrical cover of the RSMCB with a sidewall length of 200 mm across various rubber contents. The close alignment between the theoretical and experimental curves substantiates the validity of the theoretical formula. In future studies, the bearing capacity of RSMCB can be directly derived from the theoretical framework.




4.4. Implementation and Challenges for RSMCB in Rural Construction


Deploying RSMCB in rural areas necessitates collaboration with local tire recycling facilities to ensure a stable supply of rubber granules, while on-site storage of natural sand minimizes transportation expenses. One-day training programs are implemented to equip workers with the skills to accurately control the RSM ratio and achieve the required compaction level. Low-cost tools such as manual compactors and visual guides are integrated into the process to facilitate basic quality inspections. The four-step construction methodology, which includes prefabrication of hollow blocks, material mixing, compaction, and installation of cover plates, minimizes reliance on heavy machinery, making it well-suited for resource-constrained environments.



Key challenges include an inconsistent supply of recycled rubber, variability in preprocessing quality, and limited technical proficiency among laborers, which may result in ratio deviations exceeding 5% and compromise seismic resilience. High initial processing costs and the absence of localized technical standards further constrain economic adoption. To address these barriers, the following mitigation strategies are proposed: (1) Establish partnerships with regional recycling centers to secure bulk supply and advocate for government subsidies to support preprocessing equipment acquisition. (2) Implement recurring training sessions combined with on-site supervision, supplemented by simplified testing tools such as cost-effective density meters. (3) Develop context-specific lightweight technical guidelines and introduce financial instruments to mitigate raw material price volatility. Priority should be given to pilot projects in counties with existing tire recycling infrastructure to evaluate long-term performance and refine regulatory frameworks.





5. Conclusions


This study systematically investigates the effects of rubber content, cover plate form, dimensions, and sidewall length on the vertical bearing capacity of rubber-sand composite blocks (RSCMB) through newly conducted experimental methods and discrete element method (DEM) simulations. The key findings are as follows:



(1) The RSMCB exhibits pronounced nonlinear characteristics under vertical loading conditions, with strong force chains formed due to the rough surfaces of sand and rubber particles.



(2) An increase in rubber content leads to higher internal porosity and greater vertical displacement, while larger cover plates mitigate vertical displacement.



(3) The theoretical formula derived in this study provides a practical tool for calculating the vertical bearing capacity of RSMCB, facilitating its application in seismic isolation for rural houses.



(4) For low-rise rural housing applications, it is recommended to adopt a rubber content of approximately 40%, a cylindrical cover plate with a diameter of at least 200 mm, and a sidewall length ranging between 160 and 200 mm to achieve an optimal balance between bearing capacity and deformability.




6. Future Work


This research focused on the basic vertical load-bearing capacity. A global sensitivity analysis, such as one employing Sobol indices or Kolmogorov–Smirnov, will be conducted to quantitatively rank the impact of micro-parameters (e.g., inter-particle friction, stiffness) on macro-scale structural responses. This analysis will identify the most critical parameters requiring precise calibration, ultimately improving the accuracy and robustness of future predictive models.



Future work will focus on multi-directional cyclic seismic performance, including energy dissipation, hysteresis, recentering, and long-term durability under various environmental conditions, such as temperature, moisture, creep, and cyclic degradation. Subsequent efforts will include developing predictive numerical models, conducting large-scale shaking table tests, and assessing practical implementation and sustainability. These steps aim to transition the RSMCB into a cost-effective seismic solution for rural infrastructure.



A promising future direction involves integrating machine learning techniques, particularly Physics-Informed Neural Networks (PINNs), to construct efficient surrogate models based on DEM simulation data. These models have the potential to capture the complex constitutive behavior of RSM, thereby enabling the rapid assessment of seismic performance for full-scale structures at a significantly reduced computational cost compared to high-fidelity simulations.
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Figure 1. Geometry and layout graphic of RSMCB. 
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Figure 2. Inter-particle linear contact model. 
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Figure 3. Comparison of numerical and laboratory tests: (a) pure sand (b) pure rubber. 
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Figure 4. Grading curves of the two granular materials. 
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Figure 5. Test schematic. 
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Figure 6. Verification and comparison of the vertical bearing capacity of RSMCBs with varying percentages of rubber content. 
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Figure 7. Schematic diagram of RSMCB. 
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Figure 8. Vertical force–displacement curve. 
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Figure 9. Positive normal contact force chain and RSMCB contour. 
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Figure 10. Rose diagram of contact quantity. 
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Figure 11. Particle displacement vector diagram. 
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Figure 12. Comparison of the load-bearing capacity of RSMCBs with different rubber contents. 
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Figure 13. Comparison of the load-bearing capacity of RSMCBs with different cover plate forms. 
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Figure 14. Comparison of the load-bearing capacity of RSMCBs with different cover plate dimensions. 
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Figure 15. Comparison of the load-bearing capacity of RSMCBs with different sidewall lengths. 
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Figure 16. Schematic diagram of RSMCB modulus. 
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Figure 17. Compressive modulus stress–strain curve of RSM. 
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Figure 18. Theoretical verification of RSMCB bearing capacity. 
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Table 1. Key parameter equation of DEM.






Table 1. Key parameter equation of DEM.





	Equation Content
	Application Scenario
	No.





	   e =     2 b h  r ¯  −   ∑ 1 M    4 3  π  r j 3       /    ∑ 1 N    4 3  π  r j 3        
	Determining the total particle number to control initial porosity ratio
	(1)



	    K n  = A  E *  / L   
	Calculating normal contact stiffness between particles to simulate elastic deformation of RSM
	(2)



	    K s  =  K n  /  k *    
	Matching tangential deformation characteristics of rubber-sand particles
	(3)



	    K s    &    K n    i n h e r i t a n c e = f a l s e   
	Additional conditions of stiffness
	(4)



	     A =   {   π  r 2  , 3 D    2 r t , 2 D ( t   =   1 )        R =   {    R  ( 1 )   , b a l l − f a c e t   min (  R  ( 1 )   ,  R  ( 2 )   ) , b a l l − b a l l       L =   {    R  ( 1 )   , b a l l − f a c e t    R  ( 1 )   +  R  ( 2 )   , b a l l − b a l l       
	A represents the initial cross-sectional area, R denotes the radius of a single particle, and L refers to the spacing between particles.
	(5)







Where,  e  is the target porosity ratio,  b  is the model width,  h  is the model height,   r ¯   is the average radius of all particle elements, and  N  is the total number of particle elements.













 





Table 2. Properties of rubber and sand particles.
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	Experiment

Material
	Specific Gravity (Gs)
	Grain Size (mm)
	Average Particle Size (D50)
	Coefficient of Nonuniformity (Cu)





	Granulated rubber
	1.17
	0.6~2.5
	1.52
	1.42



	Natural sand
	2.56
	0~4.8
	0.31
	1.32










 





Table 3. Discrete element simulation condition.






Table 3. Discrete element simulation condition.





	Rubber

Content (%)
	Cover Form
	Cover Dimension (Diameter or Side Length (mm))
	Cover Sidewall Length (mm)





	30, 40, 50
	Square, Cylindrical, Square straight-cylinder
	160, 200, 240
	20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 210, 220, 230










 





Table 4. Fitting parameters.
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	Rubber Content
	μ
	β
	A
	B
	C





	30%
	0.38
	0.50
	1116.6
	20.7
	0.34



	40%
	0.41
	0.43
	902.6
	27.9
	0.25



	50%
	0.43
	0.35
	546.2
	11.9
	0.68
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