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Backfilling in underground mining is a widely adopted technique, often employing cement-based or geopolymer materials. However, the high cost and logistical challenges associated with these materials in remote mining locations necessitate alternative solutions. Loess materials offer a viable option for reducing production expenses and mitigating environmental impact. Despite this, the mechanical properties of loess-based cemented materials have been insufficiently investigated. This study introduces a novel slag-loess-based cemented backfill material. A three-dimensional model of the backfill material was constructed using Avizo software, and a numerical calculation model, incorporating the actual three-dimensional geometry of aggregate particles, was developed using PFC3D software. The influence of confining pressure σ3, curing temperature TC, and age TA on the crack evolution, force chain evolution, and particle failure characteristics during the loading process of the cemented backfill material was systematically examined. Results demonstrate that increasing confining pressure σ3 accelerates crack initiation and propagation, concurrently increasing the maximum value of the dominant force chain within the specimen at each stage. An increase in age TA has a limited effect on the proportion and quantity of final tensile-shear cracks, though it does intensify the specimen’s ultimate shear failure tendency. At lower curing temperatures (5°C), a significant impact on crack formation is observed, with this effect diminishing as curing temperature TC increases. The macroscopic failure modes of the specimens, across varying temperatures, predominantly exhibit shear failure.
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1 INTRODUCTION
Within the scope of coal mine production in China, backfilling mining is a critical element of green mining technologies. Current research on cemented backfill materials primarily concentrates on conventional Portland cement (Wu et al., 2025a; Wu et al., 2022). However, cement production is associated with significant CO2 emissions, which poses a substantial environmental threat (Lv et al., 2022). Recent advancements in environmentally friendly mining concepts have shifted research on backfill materials from traditional Portland cement to industrial waste materials, including slag, red mud, and fly ash. The resulting binding products of these materials, classified as geopolymers, differ from cement hydration products (Amran et al., 2021; Qaidi et al., 2022; Zhuang et al., 2016). Compared to cement-based materials, geopolymers demonstrate superior mechanical properties, enhanced corrosion resistance, improved durability, and reduced carbon emissions (Al-Majidi et al., 2018; Huang et al., 2019; Nadoushan and Ramezanianpour, 2016). While research on geopolymer backfill materials derived from industrial waste is extensive, loess, a material with inherent binding properties, has been largely overlooked. The use of loess-based materials could potentially reduce production costs and environmental impact. The relatively consistent mineralogical composition of loess across different geographical locations supports its large-scale application in cemented backfill (Lv et al., 2022). Historical evidence indicates the use of loess as a binding agent in ancient construction practices globally, including adobe brick production and fortification construction (Delgado and Guerrero, 2007). Recent studies have investigated the binding characteristics of loess, primarily focusing on enhancing its mechanical properties through water glass for soil stabilization (Gu et al., 2021; Hanegbi and Katra, 2020) or in developing novel waterproof coatings (Dassekpo et al., 2021). These studies suggest the potential of loess as a cemented backfill component; however, its high consistency, limited reactivity, and relatively low strength necessitate its use in composite formulations to improve its applicability.
The mechanical properties of cemented backfill directly influence its strength, support capacity, and the stability of the surrounding rock, thereby affecting the success of mine backfilling operations (Wu et al., 2025b; Wu et al., 2024). These properties are primarily governed by the binder type, raw materials, curing age, curing temperature, and confining pressure (Li et al., 2023; Yao et al., 2022). Cement-based binders are currently the most common in backfill applications. Research has investigated the influence of cement type and dosage on backfill mechanical properties, leading to the determination of optimal mass ratios (Ercikdi et al., 2009b). Driven by increasingly stringent environmental regulations, the partial or complete replacement of cement with novel binding materials, particularly industrial by-products like fly ash, is gaining traction (Ercikdi et al., 2009a; Oner et al., 2005; Peyronnard and Benzaazoua, 2011). The curing age of cemented backfill significantly impacts its early strength, compressive strength, and overall mechanical performance, directly affecting the support provided to the surrounding rock and the backfill’s stability under complex stress conditions (He et al., 2021; Huang et al., 2011; Jafari et al., 2020; Jiang et al., 2022a). The existing research has largely overlooked loess-based cemented backfill. The hydrochemical reactions within cemented backfill materials are inherently dependent on curing temperature, which significantly impacts the backfill’s mechanical properties (Bull and Fall 2020; Chen et al., 2021a; Xu et al., 2020b). During practical engineering applications, the hydration process of cemented backfill generates heat, thereby increasing the backfill temperature. This temperature fluctuation subsequently affects the reaction rate of the slurry, influencing the development of backfill strength (Abd-El Aziz et al., 2012; Narmluk and Nawa, 2011). Jiang et al. (2017); Jiang et al. (2016) found that low-temperature conditions impede the hydration process of cementing materials. While elevated temperatures promote the early strength development of cement-based cemented backfill materials, excessive heat can suppress hydration reactions, leading to a reduction in the later-stage strength of the backfill (Escalante-Garcia and Sharp, 2001; Paul and Glasser, 2000). Additional studies have shown a positive correlation between backfill compressive strength and temperature below 200°C; conversely, a negative correlation is observed (Cui and Fall 2016; Escalante-Garcia and Sharp, 2001; Fall and Samb, 2009; Pokharel and Fall 2013; Wang et al., 2016). Confining pressure also significantly influences the stability and mechanical characteristics of the backfill (Wu et al., 2021; Xu et al., 2020a; Yang et al., 2020). Research indicates that confining pressure significantly affects the strength and deformation characteristics of cemented backfill materials (Si et al., 2025), with material proportions and curing age under varying confining pressures notably affecting backfill strength (Arslan et al., 2021; Fall et al., 2007). Given the complex stress environments encountered by backfill in practical engineering (Luo et al., 2025; Shi et al., 2024; Shi et al., 2023), it is essential to investigate the mechanical properties of cemented backfill materials under diverse stress conditions.
Currently, research on the mesoscopic mechanical properties of slag-loess based backfill materials is limited. To comprehensively investigate the mesomechanical behavior of this material, this study employed CT scanning to obtain a series of cross-sectional images of aggregate particles. Subsequently, Avizo software was used to reconstruct the three-dimensional contours of the aggregate particles, obtaining their 3D models. Finally, a numerical model, incorporating the actual three-dimensional shapes of the aggregate particles, was established using PFC3D particle flow software. This model was utilized to explore the influence of confining pressure σ3, curing temperature TC, and age TA on crack evolution patterns, force chain evolution characteristics, and particle failure characteristics during the loading process of cemented backfill materials. The mesomechanical mechanisms governing the effects of confining pressure σ3, curing temperature TC, and age TA on the mechanical properties of cemented backfill materials were revealed.
2 METHODOLOGY
2.1 Simulation schemes
This study examines the effects of confining pressure, curing temperature, and curing age on the mechanical properties of slag-loess cemented backfill. The confining pressure on cemented backfill varies with depth, typically under low-stress conditions. Thus, this study employs four confining pressure levels: 0 MPa, 2 MPa, 4 MPa, and 6 MPa. During the curing process, cemented backfill releases a certain amount of heat. According to Nasir and Fall (2009), the backfill temperature can reach a maximum of 50°C after 4 days of curing. Based on this, four curing temperatures were selected: 5°C, 20°C, 35°C, and 50°C. Curing age also has a pronounced influence on the mechanical behavior of cemented backfill. Accordingly, four curing ages were investigated: 1 day, 7 days, 14 days, and 28 days. The simulation scheme is presented in Table 1.
TABLE 1 | Simulation schemes for Slag-Loess-Based cemented backfill material.	No.	Variables	Grading index n	Confining pressure σ3 (MPa)	Curing temperature TC (°C)	Age TA(d)
	1	Confining pressure σ3	0.4	0、2、4、6	20	7
	2	Curing temperature TC	0.4	2	5、20、35、50	7
	3	Age TA	0.4	2	20	1、7、14、28


2.2 Generation of numerical models
2.2.1 Boundary generation method for aggregate block models
Mechanical experiments use crushed, large-particle aggregates to create cemented backfill. The complex shapes of these aggregates, with their uneven surfaces and sharp edges, significantly affect the fill material’s mechanical properties. Therefore, it is essential to develop a numerical model that closely replicates the actual morphology of the aggregates. This study used CT scanning to create digital 3D models of aggregates with varying particle sizes, extracting and statistically analyzing boundary contour characteristics. The process included: 
	(1) Randomly selecting 36 aggregates from the cemented backfill material (Figure 1). Aggregates were cleaned and air-dried to remove surface impurities that could affect scanning results.
	(2) Scanning and imaging the selected aggregate blocks using the Nano 3052E CT system (Figure 2). CT slices were reconstructed in 3D using Avizo software to determine contour characteristics.
	(3) Selecting typical aggregate contours to form closed polyhedrons with triangular mesh division, saved as STL files, based on the aggregate contour characteristics.

[image: Small, irregularly shaped gray rocks are arranged in a grid pattern on a white surface, spaced evenly in rows and columns.]FIGURE 1 | Randomly selected aggregate blocks.[image: Laboratory setting with a scanning device labeled "nanoVoxel 3502E". The left panel shows the setup with a computer and the device’s exterior. The middle and right panels focus on the interior, displaying a metal component on a turntable, highlighted by yellow boxes.]FIGURE 2 | Nano 3052E CT integrated analysis system.2.2.2 Numerical model development based on the actual shape of aggregates
To accurately represent the realistic morphology of aggregate particles in PFC3D, rigid clumps (Clumps) are used instead of conventional spherical particles. The process is as follows:
	(1) Import various closed polyhedrons with triangular mesh divisions (STL files) into PFC3D to create aggregate templates (Figure 3).
	(2) Adjust the dimensions of the aggregate block templates to generate aggregate blocks of varying sizes.
	(3) Use the Pebble command to fill a designated enclosed space, employing the software’s BubblePack algorithm, to form angular, polyhedral rigid clumps. The “ratio” parameter (ranging from 0 to 1.0) controls the minimum to maximum pebble radii ratio, and the “distance” parameter (ranging from 0 to 180) governs the clump aggregate surface smoothness. For computational efficiency, a ratio of 0.2 and a distance of 140 were selected. The resulting rigid clumps are shown in Figure 4.
	(4) Aggregate shape simplification. While the model effectively replicates the statistical shape, size, and distribution of aggregates, fully incorporating aggregate shape is computationally intensive. The high proportion of fine aggregates in cemented backfill materials complicates the creation of a complete aggregate gradation model. Following established research (Chen et al., 2021b; Xue et al., 2020), a 2.36 mm particle size is used to differentiate between coarse and fine aggregates. Considering the limited influence of fine aggregate shape on mechanical properties, particles smaller than 3 mm are modeled as spheres. The shape of aggregates between 3–10 mm is considered, as shown in Figure 5.

[image: Ten blue, irregularly shaped 3D rock models are arranged in two rows of five. Each rock has unique contours and textures, set against a white background.]FIGURE 3 | Different templates for aggregates.[image: Ten blue 3D geometric shapes resembling clusters of spheres are displayed in two rows. Each shape varies slightly in form, featuring a rounded, bubble-like appearance.]FIGURE 4 | Clumps with different shapes.[image: Six side-by-side colored columns illustrate aggregate gradations in increasing sizes: (a) magenta 0-1.5 mm, (b) cyan 1.5-3 mm, (c) red 3-5 mm, (d) green 5-8 mm, (e) blue 8-10 mm, and (f) a complete aggregate mixture including all colors and sizes.]FIGURE 5 | Model of aggregates: (a) 0∼1.5 mm; (b) 1.5∼3 mm; (c) 3∼5 mm; (d) 5∼8 mm; (e) 8∼10 mm; (f) Complete aggregate gradation.2.2.3 Numerical model feneration for cemented backfill
The Talbot grading index (n) of 0.4, derived from laboratory experiments on optimal aggregate gradation, was used to construct the numerical model. The modeling procedure was as follows: First, boundary walls were created to match the specimen dimensions (50 mm diameter and 100 mm height). The loading rate is 0.5 mm/min. Then, the cemented material and aggregates were generated based on the particle size distribution and volume proportions in Table 2, as illustrated in Figure 6. In the cemented backfill material, cementitious material and aggregate particles are thoroughly mixed to create a material with a degree of fluidity. This implies that each aggregate particle is enveloped by the cementitious material, indicating bonding characteristics at the particle contacts. To balance accuracy and computational feasibility, a parallel bond model was applied to all contacts, including those between cementitious material particles, between cementitious material and aggregate particles, and between aggregate particles. This approach assumes bonding and frictional behavior between all particles. To represent the heterogeneity of the cemented backfill material, all contacts were assumed to follow a Weibull distribution (Huang et al., 2017). The probability density function of theWeibull distribution (Equation 1) is.
fx=βαxαβ-1e-xaβ(1)
TABLE 2 | Volume proportions of each gradation in the particle flow model of cemented backfill materials when the Talbot index for aggregate particle gradation is 0.4.	Grading index n	Volume percentage/% of cement and aggregate in different particle size ranges
	Cement	Aggregate
	1.2–1.4	1.4–1.5	1.5–3.0	3.0–5.0	5.0–8.0	8.0–10.0
	0.4	34.12%	21.11%	10.88%	11.48%	14.16%	8.25%


[image: Flowchart illustrating the process for creating a numerical model of cemented backfill material. It starts with CT scan experiments of aggregate particles, followed by boundary profile extraction and forming an aggregate template. The model is assembled and filled with cementing material, leading to parameter assignment and calibration. Finally, simulation experiments analyze crack evolution, force chain evolution, and particle destruction.]FIGURE 6 | Design of numerical model for cemented backfill materials and analysis framework for mesostructural evolution.Here, α and β represent the scale and shape parameters, respectively, where x denotes the random variable, which, in this context, refers to the mesoscale parameters. The scale parameter α governs the mean of the mesoscale parameters and is typically set to α = 1. The shape parameter β defines the distribution of the mesoscale parameters; in this section, it is assigned a value of β = 6.
2.3 Calibration of micro-mechanical parameters
A particle flow numerical model was developed to match the specimen’s conditions. Micro-mechanical parameters were assigned to the particles and iteratively calibrated using a trial-and-error approach until the model reached equilibrium. This ensured that the model’s deviatoric stress-strain curve matched the experimental results, completing the parameter calibration before analysis. For example, for cemented backfill materials cured at 20°C for 7 days under varying confining pressures (σ3), the micro-parameters shown in Tables 3 and 4 were applied. The resulting deviatoric stress-strain curves, compared with laboratory data in Figure 7, The comparison of the stress-strain curves obtained from the test and the simulation shows that the root mean square error of the peak strength and peak strain is less than 5%, and the correlation coefficient R2 is greater than 0.95. Confirm that the calibration was successful and accurately reflects the material’s mechanical properties. Micro-parameters for other conditions are also provided in Tables 3 and 4.
TABLE 3 | Particle parameters of cemented filling materials under different curing temperatures and curing ages.	Particle parameters	TC = 20°C	TC = 5°C	TC = 35°C	TC = 50°C
	TA = 1d	TA = 7d	TA = 14d	TA = 28d	TA = 7d
	Aggregate density (kg/m3)	2,400	2,400	2,400	2,400	2,400	2,400	2,400
	Cement density (kg/m3)	1800	1800	1800	1800	1800	1800	1800
	Effective modulus (MPa)	1,520	2,100	3,000	3,040	1,300	2,800	3,500
	Stiffness ratio	3	3	3	3	3	3	3
	Coefficient of friction	0.9	0.9	0.9	0.9	0.9	0.9	0.9


TABLE 4 | Parallel bonding model parameters of cemented filling materials under different curing temperatures and curing ages.	Parallel bonding model parameters	TC = 20°C	TC = 5°C	TC = 35°C	TC = 50°C
	TA = 1d	TA = 7d	TA = 14d	TA = 28d	TA = 7d
	Effective modulus (MPa)	1,520	2,100	3,000	3,040	1,300	2,800	3,500
	Stiffness ratio	3	3	3	3	3	3	3
	Tensile strength (MPa)	4.1	9.1	6.8	8.8	2.2	7	8.1
	Bond strength (MPa)	4.02	8.92	6.66	8.62	2.16	6.86	7.94
	Friction angle (°)	35	45	50	55	45	45	45


[image: Graph showing stress-strain relationships for different confining pressures in experiments and simulations. Solid lines represent experimental data and dashed lines represent simulations. Colors indicate pressures: black for zero, red for two, green for four, and blue for six megapascals. Stress is on the vertical axis in MPa, and strain is on the horizontal axis in percentage.]FIGURE 7 | Numerical Stress-strain curves of cemented backfill material under different confining pressures compared with the experimental results.3 RESULTS AND DISCUSSIONS
3.1 Evolution of cemented backfill material
The macroscopic failure of a material is characterized by the formation, growth, and merging of internal cracks. Analyzing crack evolution is essential for evaluating and forecasting material damage and failure. This study examines crack development in cemented backfill under different confining pressures (σ3), curing temperatures (TC), and curing ages (TA) at four key points: crack initiation stress, damage stress, peak stress, and post-peak failure. Crack initiation stress occurs at approximately 30% of the peak stress, while damage stress occurs at about 80% of the peak stress. A FISH function is used to track the status of parallel bond contacts in the numerical model. A broken parallel bond signifies crack initiation, and its location is recorded. Based on the failure mode of the parallel bonds, the resulting cracks are classified as tensile or shear cracks.
Figure 8 illustrates the total number of cracks, the proportion of tensile cracks, and the proportion of shear cracks at various characteristic points in the cemented backfill, under varying confining pressures (σ3), curing temperatures (TC), and curing ages (TA).
[image: A series of twelve stacked bar graphs showing crack proportion percentages influenced by various parameters such as \(f_c\), curing temperature, and curing age. Each graph displays three categories: shear crack, tension crack, and unspecified proportions, represented in distinguishing colors. Numerical values and percentages are annotated above each segment.]FIGURE 8 | The number and proportion of cracks in the cemented filling material at each characteristic point under different confining pressures σ3, curing temperatures TC, and curing ages TA.As shown in Figure 8, under identical confining pressure (σ3) conditions, the number of internal cracks within the specimen increased with increasing load, with a significant increase observed after reaching the damage stress. For example, with a confining pressure of σ3 = 2 MPa, the total crack count rose from 467 at the crack initiation stress to 4,924 at the damage stress, an increase of 4,457 cracks. From the damage stress to the peak stress, the total crack count increased by 19,456. The total number of cracks correlated positively with confining pressure σ3 across all loading stages, indicating that higher confining pressures promoted crack initiation and propagation, although the degree of influence varied. At the crack initiation stress, the crack number was 252 at σ3 = 0 MPa, compared to 4,242 at σ3 = 6 MPa, a 15.83-fold increase. At the post-peak failure point, the crack number was 24,127 at σ3 = 0 MPa, and 59,503 at σ3 = 6 MPa, a 1.47-fold increase. Furthermore, at σ3 = 0 MPa, the specimen primarily exhibited tensile cracks at all stages, accounting for 57.77% at failure. However, increasing the confining pressure shifted the dominant crack type from tensile to shear, with tensile cracks accounting for only 34.27% at failure when σ3 = 6 MPa.
The effect of curing temperature, denoted as TC, on crack number is most significant at TC = 5°C prior to specimen failure. At the damage stress point, the total crack count at TC = 5°C is 11,882, whereas the total crack count at other curing temperatures TC, ranges from 4,845 to 4,924. This suggests that lower curing temperatures TC, promote internal crack initiation and propagation under increasing load. Moreover, the proportion of shear cracks decreases with loading across different curing temperatures TC. For instance, at TC = 35°C, the shear crack proportion is 69.55% at the crack initiation stress point, decreasing to 53.53% at the peak stress point. This indicates that internal shear failure dominates the initial loading phase. Although the trend of shear failure diminishes with increasing load, shear failure remains the primary failure mode at each stage, with shear crack proportions exceeding 50% at all tested curing temperatures TC.
Under identical TA conditions, crack numbers within the specimens increased with escalating load. A significant increase in crack numbers was observed upon reaching the damage stress. For example, at TA = 14 days, the total crack count increased from 458 to 5,282 as the load increased from the crack initiation stress to the damage stress, representing an increase of 4,824 cracks. Further load increase from the damage stress to the peak stress resulted in a crack count escalation from 5,282 to 17,927, an addition of 12,675 cracks. Prior to reaching the crack initiation stress, the total crack number exhibited an inverse relationship with TA, indicating that cemented backfill materials at lower TA values demonstrate more active crack initiation and propagation during the initial loading phase. Beyond the crack initiation stress, no discernible correlation was observed between the total crack number and TA. Furthermore, the proportion of shear cracks decreased across all TA values with increasing load. At TA = 14 days, the shear crack proportion was 77.29% at the crack initiation stress, decreasing to 53.15% at the post-peak failure point. This suggests that the internal failure mechanism is primarily shear-dominated during the initial loading stages, with a gradual reduction in shear failure tendency as the load increases, although shear failure remains the dominant mode throughout all loading phases.
The deformation and failure characteristics of cemented backfill are not only influenced by the number of initiated cracks and the ratio of tensile to shear cracks, but also closely related to their spatial distribution. Figure 9 presents the spatial distribution of cracks within cemented backfill at crack initiation stress, damage stress, peak stress, and post-peak failure, under varying confining pressures (σ3), curing temperatures (TC), and curing ages (TA).
[image: A set of images showing particle distributions under varying conditions. Each panel (a to d) represents different states at pressures of 0 to 6 MPa and temperatures ranging from 5 to 50 degrees Celsius, with varying aging times of 1 to 28 days. Blue lines indicate structural changes.]FIGURE 9 | Distribution characteristics of cracks in cemented filling materials at different characteristic points under different confining pressures σ3, curing temperatures TC, and curing ages TA.As depicted in Figure 9, the spatial distribution of cracks undergoes a significant transformation with increasing confining pressure σ3. The spatial distribution characteristics are not distinct at crack initiation stress due to the relatively sparse crack population. The high crack density at peak stress and post-peak failure complicates distribution pattern analysis; thus, the spatial distribution at damage stress is the primary focus. At σ3 = 0 MPa, the cemented backfill exhibits minimal crack generation and no discernible propagation trend at the damage stress point, with cracks primarily located in the specimen’s central region. At σ3 = 2 MPa, the cemented backfill shows clear crack initiation and propagation at the damage stress point, with cracks propagating from the upper to the central part of the specimen. When σ3 exceeds 4 MPa, crack density further increases, concentrating in the upper and lower sections of the specimen, exhibiting clear crack concentration and a tendency to propagate towards the center. Under high confining pressure, the specimen demonstrates higher strength and a greater number and wider distribution of cracks. This is attributed to the increased confinement with higher σ3, which facilitates a more stable skeletal structure. As the applied load increases, inter-particle contact forces intensify, and the material continues to bear the load through inter-particle friction and crack closure.
The spatial distribution of cracks exhibited a corresponding alteration with increasing curing temperature TC. Specimens of cemented backfill cured at TC = 5°C displayed a high crack density at the damage stress point, with cracks distributed throughout the specimen, demonstrating crack concentration. Compared to the cemented backfill cured at TC = 5°C, specimens cured at TC = 20°C, 35°C, and 50°C showed relatively less crack initiation and propagation at the damage stress point. Crack concentration appeared at the lower portion of the specimens, with a tendency to propagate towards the middle and sides. The effect of curing temperature on crack quantity was more pronounced at lower temperatures (5°C), while this influence diminished as the temperature increased. Moreover, changes in temperature had only a limited impact on the spatial distribution pattern of the cracks.
As the curing age TA, increases, the spatial distribution of cracks undergoes significant changes. At TA = 1 day, the cemented backfill exhibits crack initiation at the damage stress point, indicating unstable crack propagation. At TA = 7 days, cracks are primarily distributed in the upper portion of the specimen at the damage stress point, with a trend toward the middle; crack distribution also begins to appear in the lower portion. At TA = 14 days and 28 days, cracks are mainly concentrated in the middle of the specimen at the damage stress point, exhibiting crack concentration and a tendency to propagate bilaterally. The curing age TA, has minimal effect on the final crack ratio and number, with shear cracks predominating. At TA = 1 day, crack distribution is relatively uniform and dispersed, lacking distinct spatial characteristics. With increasing TA, crack concentration zones gradually appear at the upper and lower ends of the specimen, forming macroscopic shear bands.
3.2 Failure characteristics of particles of cemented backfill material
Figure 10 presents the particle failure modes in cemented backfill subjected to axial rotation at a specific angle, under varying confining pressures (σ3), curing temperatures (TC), and curing ages (TA). The crack count, tensile crack percentage, and shear crack percentage are quantified at key points. In the figure, blue denotes undamaged particles, while red indicates particles experiencing the most severe damage.
[image: Simulation results showing stress distributions on cylindrical models, each labeled with different parameters like stress level (\(\sigma_3\)), temperature (\(T_C\)), and time (\(T_A\)). Models are rotated at 0°, 90°, 180°, and 270° angles. Color scales represent change strength from very low (blue) to very high (red), indicating stress variations. Specific parameters include stress levels of 0 MPa, 2 MPa, 4 MPa, and 6 MPa, and temperatures of 5°C, 20°C, 35°C, and 50°C with time durations of 1 day, 7 days, 14 days, and 28 days.]FIGURE 10 | Particle failure modes of cemented filling materials under different confining pressures σ3 curing temperatures TC, and curing ages TA.Initial particle fracture and slip occur between smaller particles. As the applied load increases, internal crack propagation initiates, and fracture and slip phenomena appear around larger particles. At a confining pressure (σ3) of 0 MPa, particle failure predominantly occurs in the specimen’s midsection, resulting in lateral bulging, localized surface spalling, and the expulsion of partially damaged particles, while the end sections exhibit minimal particle damage. Increasing confining pressure (σ3) intensifies damage at the specimen’s upper and lower ends, with shear failure features becoming more evident. The lateral constraint provided by σ3 enables damaged particles to continue bearing load through inter-particle and crack closure friction. Specimen failure typically depends on the complete penetration of the shear failure surface. Consequently, in conventional triaxial compression tests, shear failure often dominates the specimen’s failure mode. It should be noted that direct shear surfaces are difficult to obtain using the three-dimensional numerical calculation model established by PFC3D; instead, potential shear failure locations within the specimen can only be inferred from particle failure characteristics, as indicated by the yellow ellipses in the figure.
The failure modes of the particles predominantly demonstrate a combination of tensile and shear failure under varying curing temperatures TC. The degree of failure is contingent upon TC. At TC = 5°C, the majority of particles on the specimen surface exhibit failure. With increasing TC, both the number and size of sliding blocks at failure diminish. When TC exceeds 20°C or the curing age surpasses 7 days, significant dilation initiates at the specimen ends. This dilation progressively propagates towards the center, macroscopically forming a shear failure zone with a specific inclination angle.
4 CONCLUSION
	(1) Analysis of the aggregate boundary contour characteristics of cemented backfill materials indicates that the aggregate blocks are predominantly irregular polyhedrons. Representing coarse aggregates (particle size >3 mm) with rigid clumps provides a more realistic depiction of the deformation and failure process in cemented backfill materials.
	(2) Increasing confining pressure, σ3, accelerates crack initiation and propagation, and also modifies the spatial distribution of cracks and the ultimate failure mode of the specimens. The total crack count and the proportion of shear cracks correlate positively with σ3, whereas the proportion of tensile cracks correlates negatively with σ3. Under high σ3, the specimens exhibit increased strength, accompanied by a greater number and wider distribution of cracks. At various curing ages TA, the specimens are primarily characterized by shear cracks; an increase in TA has a minor effect on the final proportion and number of tensile-shear cracks. Lower curing temperatures TC (5°C), significantly influence the crack count, with the impact diminishing as TC increases. Furthermore, temperature variations have a minor effect on the spatial distribution of cracks.
	(3) Under uniaxial compression, particle failure primarily occurs in the specimen’s central region, characterized by lateral bulging. As confining pressure σ3, increases, tensile failure becomes more pronounced at the specimen’s ends, accompanied by an increased degree of damage. At varying curing temperatures TC, the specimen ends exhibit significant tensile failure. The macroscopic failure mode of the specimens primarily demonstrates shear failure. However, as curing temperature TC, increases, the quantity and scale of damaged particles decrease. With increasing age TA, the trend of shear failure becomes more evident.
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