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Adding a type of municipal solid waste (incinerator slag) into ultrafine tailings can effectively enhance the mechanical properties of tailings. With an aim to study the macro- and micro-mechanical properties of the tailings slag mixture (TSM), the strength parameters (internal friction angle, cohesion) and micro-mechanical properties with different slag contents were analyzed by geotechnical experiments and particle flow simulations, respectively. The macroscale experimental results demonstrated that the strength parameters of TSM were much higher than that of tailings. Strength parameters also showed non-linear-rising trends with increasing slag content. For the slag content of 40%, the maximum cohesiveness of TSM was determined at 65.2 kPa, and the corresponding friction angle was 39.9°C. Furthermore, the Particle Flow Code (PFC) micro-simulation software was used to analyze the micro-mechanical characteristics of the TSM at different slag contents. The microscale simulation outcomes indicated that the particle transport, particularly in their moving directions, became increasingly chaotic with an increase in the slag content; also, the slag particles significantly impacted the shear processing zone of the TSM. These experimental and numerical results brought more scientific insights into the shear failure mechanism of TSM.
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1 INTRODUCTION
In recent years, the number of ultrafine tailings reservoirs have been increasing gradually (Li et al., 2019; Shi et al., 2020; Han et al., 2022). However, the research efforts on ultrafine tailings particles are still inadequate, thereby inconducive to future sustainable development (Jing et al., 2019; Jing et al., 2021; Liu et al., 2021; Wang et al., 2022). The physical and chemical properties and engineering characteristics of slag show that slag exhibits aggregate properties. Additionally, it has many advantages, such as its high production, the massive reserve of resources, small organic content, and no radioactive harm (Huber et al., 2020). As a result, sustainable objectives, including effectively reducing slag accumulation and improving its recycling value, have become two main focuses in social research (Kumar and Singh, 2021; Joseph et al., 2022). However, the macro-mechanical properties and micro-mechanism of ultra-fine tailings particle reinforcement have not been comprehensively studied by far (Wang et al., 2020). Still, it needs to be continuously explored and further investigated in depth. Therefore, characterizing the mechanical properties and failure mechanism of TSM is a pressing issue on demand of a series of urgent and compelling resolutions in geotechnical engineering.
TSM has similar structural characteristics to the soil-rock mixture (SRM). As the slag particles have a certain cohesion compared with ordinary rocks, the difference in material characteristics affects the mechanical properties of TSM. Most of the physical and mechanical properties of the SRM have been studied in three ways: laboratory testing, numerical simulation, and theoretical analysis (Chen et al., 2021; Li et al., 2022). Xing et al. (2020) used particle flow software to simulate the triaxial test numerically and elucidated the micro-mechanism of SRM with different rock content. Yin et al. (2011) used PFC discrete element particle flow to perform a micro-simulation of the triaxial test and additionally incorporated it with macroscopic mechanical properties to study the micro characteristics of hybrids. Jo et al. (2011) and Liu (2021) used PFC-2D to establish particle clusters of different shapes and the correlation between particle shape and macroscopic mechanical properties and deformation characteristics. Wang, (2017) studied the SRM through theoretical analysis, laboratory experiments, digital image processing, and PFC numerical simulation. The particle size of slag particles is different from that of ultrafine tailings, so there are similarities between TSM and SRM in terms of particle size scale differences. Therefore, the structure of TSM can refer to the structure analysis of SRM.
In this paper, the physical properties of TSM were primarily investigated. The microscopic failure deformation characteristic of TSM was subsequentially analyzed based on the observations from macroscopic experiments and microscopic numerical simulations. The microstructural variation of TSM resulting from various mixing ratios of tailings and slag particles was also studied. After collecting two experimental materials (alumina ultrafine-grained tailings from a mining area in Nanchuan, Chongqing, China, and incinerator slag from a domestic waste power plant in Chongqing), the triaxial tests were carried out on the slag-curing tailings specimens to unveil the influence of incinerator slag on the mechanical characteristics of TSM at macroscale. With the numerical simulation software of discrete element method (PFC, Itasca Inc.), the micro-mechanical properties of TSM were further studied at microscale to explore the micro-mechanics in TSM.
2 STUDY THE SHEAR STRENGTH CHARACTERISTICS OF TSM
2.1 Fundamental characteristics of experimental materials
The fundamental properties of ultrafine-grained tailings and slag materials were examined independently by following the “Geotechnical Test Method Standard” (GB/T50123-2019, the Natural Standard of China). The particle size distributions of both ultrafine tailings and incinerator slag are shown in Figure 1. The standard testing outcomes are summarized in Table 1, which provides in-situ dry density, moisture content, and Atterberg limits for laboratory test preparation. The range of optimal moisture content of tailings reservoirs is 20%–24% (Yang and Li, 2020). In consideration of the impact of the in-situ tailings specimen’s moisture content, the moisture content of the tailings-slag mixture specimen was adjusted to 20%, which is smaller than the moisture content of the in-situ tailings specimen in tailings reservoirs.
[image: Figure 1]FIGURE 1 | Particle size distributions of ultrafine tailings and slag particles.
TABLE 1 | Material physics indicators.
[image: Table 1]TSM and SRM both have a significant degree of structural similarity. Investigations on SRM have shown that a general coarse particle content of 30% and 70% (via mass fraction, mass/mass) are the two so-defined characteristics of SRM (Simoni and Houlsby, 2006); similarly, the slag contents of 0%–70% were selected in this study, as the primary research scope serving for TSM rather than SRM. The particle size distributions of the TSM in eight different slag contents (0%–70%) are shown in Figure 2. The corresponding dry densities, consolidation compression coefficients, and permeability coefficients in Table 2 were experimentally determined by following the “Geotechnical Test Method Standard” (GB/T50123-2019, the natural standard of China).
[image: Figure 2]FIGURE 2 | Particle size distributions of TSM with various slag content (0%–70%).
TABLE 2 | Fundamental and mechanical properties of TSM in different slag contents.
[image: Table 2]2.2 Triaxial tests
The triaxial tests in this study adopted the TSZ-2 series of automatic triaxial instruments, and the tested specimen dimensions were 61.8 mm in diameter and 125 mm in height. The drained shear tests, also known as consolidated-drained (CD), were carried out by following triaxial testing procedures to determine the physical and mechanical parameters of the tested specimens. The testing steps in detail are as follows:
(1) Preparing the triaxial specimens by mixing slag and tailings at mass ratios of 0%, 10%, 20%, 30%, 40%, 50%, 60%, and 70%, respectively; after adding slag to the tailings according to the aforementioned slag contents, then adding distilled water until the specimen moisture content reaching 20%;
(2) Checking and preparing the triaxial test instrument according to the instructions in the manual;
(3) After the installation of the specimens, saturating each tested specimen with a uniform saturation time of 1 h, followed by a Skempton B-test until the B = 0.98, also as known as the pore pressure coefficient;
(4) Three values of triaxial cell pressure, including confining pressure = 100 kPa/200 kPa/300 kPa, were selected in the controlling-acquisition interface of these triaxial tests on a computer; the mechanical tests were then initiated once the settings and parameters had been established; the strain rate of 0.08 mm/min was achieved by continuously adjusting through the operation interface until shear failure occurred;
(5) The datasets of stress and deformation were instantaneously saved in the computer from the beginning to the end of the test.
2.2.1 Triaxial test results
Table 3 shows the results of the triaxial test. The shear strength of seven TSM specimens under the previously introduced loading conditions was higher than that of pure ultrafine tailings. The shear strength was increased with the increase in slag content. When the slag content reached 50%, the corresponding shear strengths under 100 kPa, 200 kPa, and 300 kPa pressure loads were 798.37 kPa, 1,280.1 kPa, and 1770.3 kPa, respectively. As for the slag content of 60%, the shear strength slightly decreased compared to the slag content of 50%. Except that the shear strength reduction was minor with increasing the slag content of TSM from 50% to 60%, it was still able to observe and elucidate that the continuous increase in slag content led to the shear strength enhancement.
TABLE 3 | Triaxial test results.
[image: Table 3]Figure 3 shows that the internal friction (φ) and cohesion (c) of TSM were greater than those of pure ultrafine tailings. When the slag content was between 20% and 50%, the internal friction angle and cohesion of TSM gradually increased, while the internal friction angle and cohesion increased progressively, reaching 40%–50%. When slag content approached 60%, the cohesion suddenly dropped to 45.28 kPa. Overall, the TSM internal friction angle monotonically increased with increasing slag content. In contrast, it could not observe such a monotonic increasing relationship between the TSM cohesion and slag content, as there were two turning points at the slag contents of 40% and 60%. Despite those two turning points, the TSM cohesion could be increased by adding more slag in tailings.
[image: Figure 3]FIGURE 3 | The shear strength parameters of TSM varying with slag content.
Figure 4 illustrates the TSM microstructure, including the morphology, structural characteristics, and mechanical properties of both tailings and slag. According to the significant friction angle in slag, the addition of slag could influence the shear motion of TSM when the slag content was in a low range (0%–30%). As the overall TSM microstructure was more similar to the pure ultrafine tailings, the low range of slag content had less influence on the TSM cohesion (see Figure 4A, B). With increasing slag content up to 40%–50%, the ultrafine tailings and slag particles in the TSM could not contact each other to form an excellent interlocking-type microstructure, as shown in Figure 4C. Therefore, the physical and mechanical properties of the TSM should be influenced by the interparticle interactions between ultrafine tailings and slag. When the slag content exceeded 60%, the cohesion dropped sharply, and a turning point of the internal friction angle could be found. Due to the high slag content leading to the TSM microstructure mainly comprised of the slag microstructure, ultrafine tailings had minor contributions to such microstructures, as shown in Figure 4D. As a result, the tailings and slag particles were squeezed to move, consequentially forming a relatively unstable microstructure of TSM. In summary, the TSM microstructure evolvement induced by varying tailings and slag contents depended on the slag and tailings microstructures. Specifically, the coarse slag particles separated by surrounding ultrafine tailings resulted in inconsistently monotonic increases in TSM cohesion; i.e., the TSM cohesion was significantly reduced for a range of high slag content (50%–70%).
[image: Figure 4]FIGURE 4 | Schematic diagrams of TSM microstructure analysis.
2.2.2 Analysis and comparison of shear strength characteristics
The shear strength parameters of TSM were much higher than that of pure ultrafine tailings. TSM has similar structural characteristics to the SRM. This section compares the shear strength parameters determined by the triaxial tests with the shear strength parameters obtained from the previously published literature of the relevant SRM. The internal friction angle of TSM exhibits an upward trend with the increase of slag content, similar to the experimental observations reported by Tang et al. (2018), Zhang et al., 2021, and Li et al. (2007). Those observed trends are almost identical (see Figure 5A), whereas the only divergence is in the different slopes of the friction angle-slag content correlations when slag content is over 10%. It indicates that adding slag significantly affects the internal friction angle of TSM for a value of slag content higher than 10%.
[image: Figure 5]FIGURE 5 | Comparison of shear strength parameters (TSM versus RSM): (A) The relationship between slag content and internal friction angle, (B) The relationship between slag content and cohesion.
The TSM cohesions measured by the triaxial tests are compared with those of the relevant SRM literature, as shown in Figure 5B. The results show that the cohesions of TSM gradually increased with increasing slag content. When the slag content is less than 40%, its strengthening tendency resembles the experimental results provided by Yang et al. (2016); When the slag content is higher than or equal to 40%, the trend seems closer to that presented by Zhang et al. (2021).
In assistance with analyzing the change of shear strength parameters compared to that of SRM, it is able to conclude that when the slag content is in a lower range (0%–20%), TSM is in a relatively dense microstructure containing limited numbers of slag particles in contact, the cohesion of TSM mainly depends on the tailings content and density, as shown in Figure 4A, B. When the slag content is in an intermediate range (30%–60%), the TSM microstructure exhibits a slag skeleton whose void spaces are filled with tailing particles (see Figure 4B, C). It also implies that those slag particles play a leading role in providing the skeleton stress during the triaxial shear test under the consolidated-drained condition. Until the triaxial loading action squeezes most fine particles out of the unstable slag skeleton, slag particles start to contact each other in order to form particle-particle interlocks. Therefore, the shear strength parameters of slag particles differ from that of the SRM due to the different material compositions and microstructural development (TSM versus SRM).
In conclusion, the inclusion of slag significantly increases the TSM shear strength, including both friction angle and cohesion, based on the experimental results presented in this study. The primary reason was that the material compositions and microstructure of slag skeleton have more decisive effects on the cohesiveness of pure ultrafine tailings in comparison to that of ordinary waste rock.
3 MANUSCRIPT FORMATTING NUMERICAL SIMULATION OF MICRO-MECHANICAL CHARACTERISTICS OF THE TAILINGS-SLAG MIXTURE
3.1 Development of numerical model by particle-discrete element method
3.1.1 Numerical models and element selection
The numerical simulation of the standard triaxial test in this research project was mainly divided into the following parts:
(1) The PFC-2D of the standard triaxial shear test was a well-developed model; the simulation settings included the left and right boundaries in modeling the flexible wall in the horizontal direction (see walls 3# and 4# in Figure 6A), the top and bottom boundaries in modeling the loading plate in the vertical direction (see the walls 1# and 2# in Figure 6A), the tested specimen in the spatial dimensions of 61.8 mm × 125 mm (diameter × length); to eliminate the impacts of friction between the walls and particles, the values of tangential contact stiffness and wall friction were set zero;
(2) In simulating the standard triaxial shear test, the left and right flexible walls (3# and 4#) were imposed by the stress boundary conditions to emulate the minimum principal stress (σ3) in the standard triaxial test;
(3) The top and bottom loading plates (1# and 2#) were also imposed by the stress boundary conditions to emulate the mechanical loading device applying the maximum principal stress (σ1) in the standard triaxial test.
[image: Figure 6]FIGURE 6 | Numerical simulation model for standard triaxial tests: (A) The modeling setup, (B) The clump clusters.
Figure 6A shows the modeling setup of the standard triaxial test established in this study. Since the strength and stiffness of the TSM-particle skeleton were significantly more than that of the ultrafine tailings matrix, it was more applicable to employ clump clusters to model irregular slag particles for this custom-designed standard triaxial simulation. Figure 6B shows an instance of the clump clusters generated in PFC-2D.
This numerical simulation adopted the same material settings and boundary and loading conditions as the standard triaxial test previously introduced (e.g., the material properties, mechanical parameters, boundary conditions, and loading rate). The modeled TSM specimens with a slag content of 0%, 20%, 40%, and 60% were digitally reconstructed based on the slag contents of the TSM specimens in the standard triaxial test. However, due to a large amount of ultra-fine particles in the simulating domain, the computational expense was significantly high, further leading to a relatively low computational efficiency. To overcome this issue, slag particles smaller than 0.5 mm were terminated to be generated in the simulating domain, according to the slag particle size of 0.5–1 mm in Figure 1. With this particle packing scheme available in PFC-2D (discrete element method), the particle-package models having different slag contents were eventually established, as shown in Figure 7, to study the influence of various slag contents on the mechanical properties of TSM.
[image: Figure 7]FIGURE 7 | TSM specimens in different slag contents (0%–60%) generated by PFC-2D: (A) slag content = 0%, (B) slag content = 20%, (C) slag content = 40%, and (D) slag content = 60%.
3.1.2 Determination of micro-mechanical parameters for the simulated TSM specimens
For numerically modeling the TSM specimens using PFC-2D, the macroscopic mechanical behavior of the numerically simulated TSM specimens depends on the microscopic parameters, such as particle size, interparticle bonding modulus, interparticle bonding strength, interparticle bonding stiffness ratio, etc.; i.e., the microscopic parameters have significant effects on the macroscopic parameters of the mechanical constitutive relationship, including friction angle, cohesion, peak shear strength, Young’s elastic modulus, Poisson’s ratio, etc. (Xu and Ren, 2014; Feng et al., 2021).
In order to replicate the standard triaxial test by this newly established numerical model, the deviator stress-strain curves determined by both physical tests and numerical simulations should mutually agree well. The mechanical loading conditions, such as the vertical loading rate and confining pressure, were identically set to the discrete element numerical simulation in PFC-2D. The deviator stress-strain curves and macroscopic mechanical parameters were obtained through the standard triaxial tests (see T-labeled deviator stress-strain curves in Figure 8). Based on the experimental results, a group of micro-mechanical parameters was initially approximated for the numerical simulation of the standard triaxial test. Then, these parameters were repeatedly adjusted by following the “trial and error” method until the macroscopic mechanical characteristics of the tested TSM specimens were obtained with these approximated microscopic parameters. The most suitable micro-mechanical parameters were finally determined by continuously updating the values of these parameters after iteratively comparing the simulated outcomes with the experimental results. The fundamental and micro-mechanical parameters of the TSM specimens selected in this simulation are given in Table 4.
[image: Figure 8]FIGURE 8 | The deviator stress-strain curves of TSM specimens with four slag contents provided by the standard triaxial tests (T) and numerically simulated triaxial tests (S).
TABLE 4 | Fundamental and mechanical parameters of the simulated TSM specimens.
[image: Table 4]3.2 Analysis and discussions of numerical simulation results
3.2.1 Comparison of deviator stress-strain curve between experiment and simulation
As aforementioned, the mechanical loading conditions of the discrete element numerical simulation were identical to the loading rates and confining pressure applied in the standard triaxial tests. Therefore, to evaluate if the numerical model can effectively simulate the actual tests, the deviator stress-strain curves collected from both experimental tests and numerical simulations are henceforth compared. Also, it is convincing that the macroscopic mechanical parameters of the TSM specimens could be accurately determined when there were good agreements between experimental and numerical outcomes.
As for the simulated constraint pressure of 300 kPa, the deviator stress-strain curves outputted from experimental and numerical triaxial tests are compared in Figure 8. When the slag content was in a lower range of 0%–20%, the deviator stress continued to grow with the increase of vertical displacement indicated by strain (ε). After reaching the yielding point, the elastic deformation was followed by plastic deformation, while the deviator stress remained at a relatively constant value. The deviator stress-strain curves without apparent peak shear stress manifested the mechanical yielding followed by plastic deformation. When the slag content was in a higher range of 40%–60%, the deviator stress-strain curve mainly went through three stages: hardening, softening, and residual deformation. Specifically, those curves had apparent peak deviator stress, manifesting the transition from hardening to softening. As can be seen from Figure 8, the peak of deviator stress increased with increasing slag content. Also, the simulated curves more closely matched the deviator stress-strain relationship provided by the standard triaxial test, supporting that the numerical simulation succeeded in emulating the standard triaxial shear test under the consolidated-drain condition.
3.2.2 Analysis of mechanical characteristics
The macroscopic mechanical response of TSM with different slag contents was obtained by numerically simulating the standard triaxial tests. In addition, the deformation and shear failure mechanism of TSM and the intrinsic mechanism of the slag content’s impact on its strength were also examined at microscale.
(1) Particle motion characterization:
The transporting direction of the TSM particles and the formation of the shear processing zone could be observed after outputting the vector plot of the particle velocity field for the numerical simulation of standard triaxial tests by PFC-2D. Under a confining pressure of 300 kPa, the microstructure, particle mobility, and shear processing zone, which collaboratively dominated the characteristics of TSM containing 0%, 20%, 40%, and 60% slag, were examined with this simulation outcome.
The vector plot of the particle velocity field for confining pressure of 300 kPa is shown in Figure 9. The particle velocity field was plotted after completing the loading process of standard triaxial tests in simulation. The color contrast from light to dark represented the magnitude of velocity from higher to lower. The arrow in yellow color sketched the primary direction of the particle velocity. The yellow circle highlighted the disorderly portion of the particle velocity direction.
[image: Figure 9]FIGURE 9 | The vector plot of particle velocities for the confining pressure of 300 kPa: (A) slag content = 0%, (B) slag content = 20%, (C) slag content = 40%, and (D) slag content = 60%.
By comparing the particle velocity field of TSM specimens in different contents, it is evident that as for the slag content of 0%, the particles move from the direction of vertical load to the direction of confining load (see Figure 9A). A few particles in the middle of the specimen were invertedly moved. The shear processing zone was not apparent, and the simulated specimen finally exhibited its deformation in the bulging form, which was similar to the final state of the deformation observed from the standard triaxial test.
While the slag content was adjusted to 20%, the particle velocity direction started to diverge due to the influence of the slag particles. As a result, the shear processing zone began to appear, for which the development of the shear processing zone was mainly affected by the velocity direction of the ultrafine tailings particles.
For the slag content reaching up to 40%, the influence of coarse particle transport on the movement of fine particles was significantly increased. The extrusion and mutual movement between particles were more prominent. The moving direction of fine particles (tailings) was mainly around the transporting tracks of coarse particles (slag). The typical movement of ultrafine tailings particles and slag particles affected the development of the shear processing zone.
When the fine content was much lower than the coarse content, as the slag content of 60% in Figure 9D, the particle transport became more chaotic, precisely in their moving directions. The coarse particles significantly impacted the development of shear processing zones in the TSM specimens.
In conclusion, in terms of the loading conditions, deforming behavior, failure mode, and deviator stress-strain relationships, the numerical simulation outcomes agreed well with the experimental results of the standard triaxial tests for the TSM specimens prepared with four different slag contents (0%–60%). Furthermore, due to the capability of observing the particle movements inside the simulated specimen, this numerical simulation has an undebatable value in analyzing the micro-mechanical characteristics of TSM.
(2) Displacement and failure characterizations:
The standard triaxial tests simulated with PFC-2D could provide the variation of particle displacements, which might be later utilized to analyze the microscopic damage inside the TSM specimens. For instance, Figure 10 demonstrates the displacement contour plots at five deforming stages along the deviator stress-strain curves of the TSM specimens having four different slag content (0%–60%) when the confining pressure was 300 kPa. In those displacement contour plots, the contouring regions assigned by dark blue denote the lowest displacement increment; in contrast, the contour regions filled with red denote the highest displacement increment.
[image: Figure 10]FIGURE 10 | Displacement contour plots at five stages along the deviator stress-strain curves of the four TSM specimens with (A) slag content = 0%, (B) slag content = 20%, (C) slag content = 40%, and (D) slag content = 60% when the confining pressure of 300 kPa.
As seen in Figure 10A, since the initiation of the vertical loading to apply deviator stress, the particles nearby the boundaries of the TSM specimen began to move, and the particles centrally located in the specimen encountered minor movements. With the axial strain increasing (ε > 2%), the centrally located particles initiated distortions. When the axial strain reached around 4%, the displacement variations of those interior particles were most significant, mainly due to the stress-induced relocations of the majority of the particles. Moreover, given that the particle size of the pure tailings specimen (slag content = 0%) was uniform, the simulated specimen finally encountered the bulging failure without any apparent shear processing zone, as demonstrated by the contour plot of specimen’s final displacement (ε = 8%) in Figure 10A.
By observing the displacement contour plots for the TSM specimens (slag content = 20%) in Figure 10B, particle displacements varied dramatically with the increased deviator stress. When the vertical loading began, the displacement increments of the particles inside each TSM specimen were similar to the displacement increments of the pure fine particles in Figure 10A. Such an agreement on particle displacement contour was attributable to the fact that most of the TSM particles at this stage were composed of ultrafine tailings. Thus, displacement contour plots at the first stage (ε ≤ 2%) in Figure 10A, B were highly similar. When the axial strain was 2%, the stress began concentrating along a potential shearing plane, and most of the particles inside the specimen had substantial displacements. Since the stress concentration area inside the TSM specimen gradually expanded, the tailing particles were partially blocked by coarse-sized slag particles. As a result, the ultrafine tailings particles were not evenly distributed inside the entire TSM specimen. The shearing processing zone was consequentially formed in the specimen, as the contour plots of ε > 5% in Figure 10B.
When the slag content of a TSM specimen was increased to 60% (see Figure 10D), the stress-induced particle redistribution at the beginning of loading (ε ≤ 2%) was insignificant. One possible explanation was that the TSM specimens with a high slag content had a significant amount of interior voids and a matrix consisting of slag particles. As a result, the stress was mainly distributed through the skeleton formed by the coarse-sized slag particles rather than ultrafine tailings particles. Another explanation might be that the anisotropy of the slag particles in the specimen influenced the stress concentration. During the entire loading process to apply deviator stress, the development of the shear processing zone in this TSM specimen became more apparent, implying that the specimen was more susceptible to plastic deformation predominated by shear failure.
The particle redistributing process in the TSM specimen of 40% slag content (see Figures 10C, Figure 11) was additionally compared with those of the TSM specimens of 0% and 20% slag contents (see Figure 10A, B). At the beginning of vertically compressive loading, the TSM specimen with 40% slag content had more minor particle displacements in the middle of this specimen (see Figure 11A) in comparison to the other two TSM specimens with less slag content (0% and 20%). The primary reason might be that adding slag particles into tailings increased the proportion of coarse particles in the TSM specimens. Specifically, compared to pure ultrafine particles, coarse and fine particles in such a mixture were more difficult to rotate and flip under the same loading condition provided by the deviator stress. Therefore, at the initial stage (ε = 0.2%), the vertical compression loading resulted in minimal variations of particle displacement. However, when the vertical axial strain was close to 2%, it could be observed that the specimen appeared to form stress concentration (see Figure 11B). Later, the more uniform distribution of the coarse particles in the TSM specimen with 40% slag content dispersed the stress concentration, which was mainly reflected in the vertical axial strain of 3%, 5%, and 6%, corresponding to the displacement contour plots in Figure 11C–E.
[image: Figure 11]FIGURE 11 | The evolution of particle displacement in the shear processing zone for the slag content of 40% at five stages: (A) ε = 0.2%, (B) ε = 2%, (C) ε = 3%, (D) ε = 5%, and (E) ε = 6%.
The stress exerted on the slag particles during the stress redistribution process was anisotropic due to the different sizes and shapes of the slag particles. Hence, prominent shear processing zones appeared in the TSM specimen when continuous deviator stress was applied. Furthermore, within the duration of the vertically compressive loading process, it was evident that from the beginning stage of the formation of slag particles to the final stage of displacements of both slag particles and their surrounding tailings particles, the particle displacements in the TSM specimen initially exhibited a gradual increment and then increased significantly. Therefore, it was able to observe and conclude that when the slag content was 40%, the transition from the tailings particles originally being surrounded by slag particles to the slag particles eventually being surrounded by tailings particles consequentially led to the changes in particle displacement for the TSM specimen of 40% slag content. This phenomenon could also be explained by the fact that the TSM has the highest cohesion at a slag content of 40%, causing the most remarkable difference in peak deviator stress.
Despite the research findings above, it should be noted that this work has its natural limitations in both experiments and numerical simulations. First and foremost, the saturated condition was only considered in the triaxial tests. However, the in-situ might encounter a partially saturated condition, which requires technical support of unsaturated soil seepage and mechanism (Yan et al., 2022a). Second, trapping bubbles inside the pore structure can be further considered as a mechanism reducing friction between interparticle, which might lead to different research findings compared to a fully saturated condition (Ma et al., 2015; Ma et al., 2022). Last, the Darcy and non-Darcy flow as well as its corresponding flow regimes could locally exist in pore structure, so it requires further investigation of particular types of seepage flow in gravel-sized particles (Yan et al., 2022b).
4 CONCLUSION
Based on a literature review of the relevant research on the SRM and TSM, it is found that there have been inadequate experimental and numerical explorations of TSM in different slag content at macro- and micro-scale. Therefore, a series of standard triaxial tests were systematically carried out on TSM specimens with various slag contents (0%–60%) to investigate this research objective further. As a result, the macroscopic physical and mechanical characteristics of the TSM sample with different slag contents were obtained, as well as the effects of various slag contents on the macroscopic mechanical performance and interparticle structure of the TSM specimens. Subsequentially, the microscopic failure mechanism within the standard triaxial test and the interparticle interaction between incinerator slag and ultrafine tailings were examined by applying discrete element simulation with PFC-2D. The main conclusions obtained by experimental and numerical methods could be summarized as follows.
(1) The standard triaxial tests were used to analyze the deviator stress-strain relationships, the macroscopic deformation mechanism, and shear failure mode under a series of different testing conditions by varying slag contents and triaxial loads. The shear strengths of all selected TSM specimens were higher than that of pure ultrafine tailings. The fundamental shear strength parameters, including internal friction angle and cohesion, increased with increasing the slag content from 0% to 40%. Then, those parameters decreased slightly when the slag content was increased from 40% to 60%. The maximum cohesion was observed when the slag content was 40%. Therefore, even though the incremental resolution of slag content was 10%, the optimum slag content of 40% could be roughly estimated for engineering practice.
(2) The standard triaxial tests were modeled using the discrete element method with numerical simulation software of PFC-2D to explore the microscopic mechanism further. Referring to the deviator stress-strain curves determined by the standard triaxial tests, these numerical simulations generated curves almost overlapping with those experimental results. The shear processing zone inside the TSM specimens of various slag contents was also investigated. The micro-mechanical features were analyzed by taking advantage of the velocity vector plot and displacement contour plot provided by these simulations. With the increasing slag content in the TSM specimens, the particle movement and flipping direction became much more chaotic under the triaxial shear loading conditions. The addition of slag particles significantly impacted the development of the shear processing zone in the TSM specimen. As for the slag content of 40%, when the vertical axial strain increased, the matrix consisting of slag particles primarily encountered the most stress concentration, which was then diverged and transmitted to the surrounding tailings particles. Finally, after this stress redistribution process, the tailings and slag particles mutually interacted to present the shear failure mode with a significant shearing plane in the TSM specimen, in contrast to the budging failure mode without an apparent shearing plane inside the specimen of pure ultrafine tailings.
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The dynamics of debris flow impact considering the material source erosion-entrainment process is analyzed using a coupled SPH-DEM-FEM method. A complex coupled dynamic model of a debris flow, the erodible material source, and a rigid barrier is established in this paper. The applicability of the coupled SPH-DEM-FEM method for calculating the impact force of debris flow on the rigid barrier is verified by comparing the model with the laboratory test. The strain softening model is used to simulate the process from solid state to transition state and finally to liquid state of erodible material source. The impact force caused by debris flow considering the source erosion-entrainment process and the dynamic response of a rigid barrier is also analyzed. The results show that the volume of debris fluid, impact force, and dynamic response of a rigid barrier considering source erosion–entrainment are significantly greater than those of the original model. According to the calculation results, the existing formula for the impact force of a debris flow is then modified. The coupled numerical analysis method and the calculated results help to clarify the influence of erosion-entrainment, modify the calculation of the impact force of debris flow, and optimize the design of the rigid barrier.
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1 INTRODUCTION
Debris flows are widespread in mountainous areas around the world. It is a unique flood caused by rainstorms and earthquakes (Yin et al., 2016). A debris flow typically is high-speed, has a large volume of sediment and water, and is highly destructive. It can produce a tremendous impact on structures along the way (Tang et al., 2012). The initial volume does not always determine the debris flow volume, according to the literature (Hungr et al., 2005; Wang et al., 2021; Lei et al., 2022). In general, debris flows with small initial volumes can rapidly increase by several or even tens of orders of magnitude in volume through source erosion and entrainment processes (Shang et al., 2003; Wang et al., 2003; Zaginaev et al., 2019; Wang et al., 2022). Source erosion and entrainment processes significantly increase the debris flow volume and impact, which should be considered in the dynamic model (Chen et al., 2006; Wang et al., 2020; Guo et al., 2022; Wang et al., 2022; Wang et al., 2023).
Debris flows erosion and entrainment of the material are caused by the high-speed collision between debris flow particles and the fluidization effect on the erodible material source (Federico and Cesali, 2015; Wang et al., 2021). When a debris flow passes through an erodible material source, it erodes if the shear stress on the source body is greater than the strength of the material source (Armanini et al., 2009; Luna et al., 2012). At this point, the erodible material source changes from a solid state to a transition state. Fluidization occurs when the erodible material source is eroded, and entrainment occurs and forms part of the debris flow. At this point, the erodible material source changes from a transition state to a liquid state (Mangeney et al., 2007; Mangeney et al., 2010; Li et al., 2022a). To improve the reliability of the debris flow dynamic model, a complex constitutive model of the erodible material source should be considered (Lee and Jeong, 2018). Research on the impact force of debris flows considering the erosion—entrainment process is performed through theoretical research, laboratory tests, and numerical simulations (Gao et al., 2017; Choi et al., 2021). However, the research and application of complex constitutive model of erosion is limited.
The impact force caused by debris flow causes the barrier to break, so the theoretical calculation of the peak value of debris flow impact force is essential (Scheidl et al., 2013; Thouret et al., 2020). Hydrostatic, hydrodynamic, and hybrid theories are commonly used to calculate the peak impact force (Calvetti et al., 2017; Li S. et al., 2020; Sha et al., 2023). Hydrostatic theory estimates the impact pressure by considering the empirical coefficient k based on static pressure (Armanini, 1997; Proske et al., 2011; Bugnion et al., 2012). Fluid dynamics theory is derived from the momentum conservation equation and is the peak impact pressure theory related to the flow rate change rate and impact pressure (Hungr et al., 1984; Hu et al., 2011; Scheidl et al., 2021). The hybrid theory of debris flow considers both hydrostatics and hydrodynamics theories. By adding or multiplying the two theories, a calculation model suitable for the actual situation in the field can be obtained (Arattano et al., 2003; Huang et al., 2007). However, the theory of debris flow impact force considering erosion is relatively little in the present literature. Moreover, the impact of the impact coefficient of debris flow needs further study (Liu et al., 2020; Roelofs et al., 2022).
Many researchers have conducted laboratory tests on debris flow considering the erosion-entrainment process (Hungr et al., 1984; Mangeney et al., 2010; Lee et al., 2022). Mangeney et al. (2010) conducted laboratory tests on the debris flow erosion-entrainment process to study the influencing factors such as topographic slope, flow distance, and thickness of the erodible layer. The results indicated that the erosion process increases liquidity by almost 40%. Haas et al. (2016) studied the influence of different types of debris flow on the erosion-entrainment process. It was concluded that the average erosion depth increased with increased water content and particle size. Tian et al. (2014) studied the calculation of debris flow resistance during the erosion-entrainment process. The literature shows that fluid resistance on an erodible material source was significantly greater than that of a rigid rock bed. The calculation formula of debris flow resistance considering the erosion-entrainment process was obtained through dimensionless multiple regression analysis. However, there are many factors influencing the laboratory tests of debris flow erosion and the test are relatively expensive (Fuchu et al., 1999).
Many scholars have used numerical methods to study the debris flow impact in the erosion-entrainment process (Peng et al., 2011; Fan et al., 2019; Li X. et al., 2022). Due to the entrainment process of debris flow erosion and the complexity of its interaction with a barrier, the mixed media method has a natural advantage (Liu and He, 2020). Lee et al. (Lee and Jeong, 2018; Jeong and Lee, 2019; Lee et al., 2019) conducted a series of studies on the impact of debris flow and barrier in the erosion-entrainment process by adopting the coupled CEL method. The traditional static impact force model was modified by coupling numerical analysis. Leonardi et al. (Leonardi et al., 2013; Leonardi et al., 2015; Leonardi et al., 2016) used the coupled LBM-DEM to calculate the numerical value of a debris flow. The calculation results provided an essential reference for considering the interaction between debris flow and the barrier in the erosion-entrainment process. The failure mechanism of the barrier was also analyzed. Li et al. (2018) adopted the coupled CFD - DEM to study the interaction between debris flow and the barrier. A debris flow study considering the erosion process was performed. The research results helped to determine the impact force of debris flow. Li et al. (Li B. et al., 2020; Li et al., 2022b) adopted the SPH-DEM-FEM method to study the interaction model of two-phase debris flow and the barrier. The research results were of great significance to the design of the barrier. However, current research focuses on the effect of single-phase flow on erosion. Literature on the effects of two-phase flow on erosion is relatively rare.
In summary, current research on the interaction between debris flow and the barrier in the erosion-entailing process primarily uses laboratory experiments, while coupled numerical analysis methods are rarely used. Coupled SPH-DEM-FEM technology can be well adapted to the simulation and calculation in the complex case of particle-fluid-structure. The coupled SPH-DEM-FEM method cannot only avoid the mesh distortion and analysis failure of two-phase debris flow but also accurately simulates the strain softening model of erodible material source and accurately calculate the barrier (Li et al., 2022b). This technique can be used to construct and calculate the complex coupled dynamic model of debris flow, erodible material source, and rigid barrier.
2 COMPUTATIONAL ASSUMPTIONS AND CONSTRUCTION OF COUPLED NUMERICAL MODEL
2.1 Computational assumptions
The following calculation assumptions were made for debris flow and the barrier model considering erosion-entrainment processes.
1. Because the actual source of erodible material is rock mass, deformation can be neglected. The bottom of the channel is simplified as rigid material in this paper.
2. Because the movement law of the material source satisfies Newton’s second law when the debris flow starts, to simplify the complexity of the model, the DEM is used to calculate.
3. The main research objects are the impact force of debris flow and the dynamic response of the barrier, so the channel is simplified.
4. Due to the considerable differences in the performance of particles, fluids, and barrier structures, the SPH-DEM-FEM coupled numerical analysis method is used for numerical analysis and calculation to reflect their respective characteristics.
Based on the above calculation assumptions and model simplification, the schematic diagram of the interaction model between debris flow and the barrier considering the erosion-entrainment process is shown in Figure 1. The erodible material source was calculated by the SPH method and strain softening constitutive model. The DEM numerical analysis method was used to analyze the loose material source particles during debris flow initiation. The barrier and channel were numerically simulated by the finite element method.
[image: Figure 1]FIGURE 1 | Schematic diagram of the erosion-entrainment model.
2.2 Construction of DEM model for debris flow particles
Because the motion of debris f l o w particles conforms to Newton’s second law, DEM is used for calculations, as shown in Eq. 1 (Džiugys and Peters, 2001):
[image: image]
Where [image: image] and [image: image] are the mass and translational acceleration of the debris flow particles, respectively; [image: image] and [image: image] are the moment of the inertia and rotational acceleration of the tdebris flow particles, respectively; [image: image] and [image: image] are the normal and tangential contact forces of the debris flow particles on adjacent particles I, respectively; [image: image] is the moment of action of the debris flow particles on adjacent particles.
The resultant external force and torque on debris flow particles are shown in Eq. 2:
[image: image]
In the formula, [image: image] is the friction force; [image: image] and [image: image] are the contact forces.
2.3 Construction of SPH model for debris flow fluid and erodible material source
The debris flow fluid and erodible material source body are constructed using the SPH method, and the approximate function of the example is shown in Eq. 3 (Li B. et al., 2020):
[image: image]
The function W can be expressed by Eq. 4:
[image: image]
Where h is the smooth length and d is the dimension.
The smooth kernel function adopts Eq. 5:
[image: image]
Where C is a constant.
2.4 Construction of SPH-DEM-FEM coupling mode
The algorithm between debris flow particles and a rigid barrier is calculated by Eq. 6 (Li et al., 2022a):
[image: image]
Where fa is the load of FE; fb is the contact force among DEM-FEM.
The coupling algorithm between debris flow fluid, erodible material source and a rigid barrier is calculated with Eq. 7:
[image: image]
Where F is the external load; FC is the contact force among SPH-FEM.
The coupling algorithm between debris flow fluid, erodible material source body, and debris flow particles is calculated using Eq. 8 (Li et al., 2022a). The schematic diagram of SPH-DEM-FEM coupling numerical model is shown in Figure 2:
[image: image]
Where, b, s and f represent FE, DEM and SPH.
[image: Figure 2]FIGURE 2 | Schematic diagram of SPH-DEM-FEM coupling numerical model.
2.5 Constitutive model of erodible material source
Erosion occurs when the shear stress exerted by debris flow on an erodible material source exceeds the strength of the material source. It goes from a solid state to a transition state. Then entrainment is generated and transformed into a flow state. In this paper, the strain softening model proposed by Lee et al. (Lee and Jeong, 2018; Jeong and Lee, 2019; Lee et al., 2019) is used to simulate the erosion-entrainment process. The strain softening model of an erodible material source is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Strain softening model of an erodible material source Lee et al. (2019).
3 MODEL VERIFICATION
3.1 DEM-FEM debris flow model verification
The indoor debris flow impact tests conducted by Jiang et al. (2013) were used to verify the model. The schematic diagram of the indoor test is shown in Figure 4. The DEM-FEM coupling numerical model is consistent with the indoor test. The channel is 2.93 m long. The gradient of the channel is 40°, and the initial source volume is 0.019 m3. The diameter of debris flow particles ranges from 10 mm to 25 mm. As the proportion of particles less than 10 mm in the sample is relatively low, the particles less than 10 mm are ignored in this paper.
[image: Figure 4]FIGURE 4 | Schematic diagram of laboratory test of debris flow Jiang et al. (2013).
The simulation parameters are consistent with the indoor test and simulation parameters conducted by Jiang et al. (2013). The whole process of the test is entirely reproduced by using the coupled DEM-FEM method. The initial volume and starting conditions of debris flow in the DEM particle simulation test are consistent with the test. Because the fraction of particles below 10 mm in the sample is relatively low, the fraction smaller than 10 mm is ignored in the numerical simulation. The slope of the debris flow channel is 40°, and a rigid body element is used for simulation. The geometric model is shown in Figure 5A, and the mesh model is shown in Figure 5B.
[image: Figure 5]FIGURE 5 | The coupled DEM-FEM numerical model of debris flow impact (A) Geometric model (B) Mesh model.
The barrier structure material of the numerical model is consistent with the test. C40 concrete is selected, and the elastic model is used as the constitutive model. The specific material parameters are consistent with the literature (Jiang et al., 2013). DEM particles are adopted for debris flow, and the elastic model is adopted for the constitutive model. As the minimum dry weight in the test is 1,350 kg/m3, the DEM particle density is set as 2,500 kg/m3 according to the literature. The friction coefficients of particle, rigid barrier, and channel are 1.4, 0.466, and 0.384, respectively. The specific parameters are consistent with the numerical simulation parameters conducted by Shen et al. (2018) and Law (2015), as shown in Table 1.
TABLE 1 | DEM-FEM coupling numerical simulation parameters.
[image: Table 1]The effectiveness of the DEM-FEM coupling method is verified by comparison with the impact test of debris flow, as shown in Figure 6. Figure 6A shows the indoor test results, and Figure 6B shows the simulation results. The impact process and debris flow shape of numerical simulation laboratory test results are consistent with those of laboratory physical model tests. The process of debris flow impact in different time periods is compared in the paper, and the experimental results are basically consistent with the numerical simulation results.
[image: Figure 6]FIGURE 6 | Comparison of debris flow impact process: (A) Laboratory test Jiang et al. (2013); (B) Numerical simulation results.
Figure 7 shows the time history curves of the impact force for the indoor test and the numerical simulation. The two time history curves are in agreement. Although there are some errors in the comparison results, the error rate ranges between 2.1%–7.7%, indicating the model’s applicability and reliability.
[image: Figure 7]FIGURE 7 | Comparison of the time history curves of the indoor test and numerical simulation impact force.
3.2 Verification of SPH-FEM debris flow model
The debris flow indoor test conducted by Moriguchi et al. [54] is used for model verification. Figure 8 shows the laboratory test. The coupled SPH-FEM model is consistent with the indoor test. The length of the debris flow flume is 1.8 m, the width is 0.3 m, and the slope is adjustable between 45° and 65°.
[image: Figure 8]FIGURE 8 | Laboratory test diagram of debris flow (Moriguchi et al. [54]).
The simulation parameters are consistent with the indoor test of debris flow conducted by Moriguchi et al. (2009). The whole test process is entirely reproduced by the coupling SPH-FEM numerical analysis method. The initial volume and starting conditions of debris flow in the SPH particle simulation test are consistent with the test. The adopted slope of the debris flow flume varied between 45°, 50°, 55°, 60°, and 65°. The geometric model is shown in Figure 9A, and the mesh models are shown in Figure 9B. The numerical model parameters are entirely consistent with the test [54]. The simulation parameters are shown in Table 2.
[image: Figure 9]FIGURE 9 | The coupled SPH-FEM numerical debris flow impact model (A) Geometric model (B) Mesh model.
TABLE 2 | The coupled SPH-FEM numerical simulation parameters.
[image: Table 2]The comparison of the impact process between the indoor test and numerical simulation of debris flow at different times (t=0.4 s, t=0.8 s, t=1.2 s, t=1.6 s) is shown in Figure 10. Figure 10A shows the impact process of the laboratory test, and Figure 10B shows the impact process of coupled numerical simulation. The impact process of the indoor test is consistent with the coupled numerical simulation.
[image: Figure 10]FIGURE 10 | Comparison of debris flow impact process (A) Laboratory test (Moriguchi et al. [54]); (B) Numerical simulation results.
Figure 11 shows the comparison of the impact force time history curve when the slope of the debris flow flume is 45°, 55°, 60°, and 65°, respectively. Although there are some errors in the comparison of the results, the error rate ranges 1.9%–8.6%, indicating the applicability of the model.
[image: Figure 11]FIGURE 11 | Comparison of impact force time history curve between test and numerical simulation.
4 ESTABLISHMENT OF MODEL
4.1 Geometric model and mesh model
The model is established according to the actual terrain of a typical debris flow channel in Nanjiao Gully, Fangshan District, Beijing. The model is simplified using the calculation assumptions in Section 2.1. The simplified slope of the channel in the debris flow forming area is 35°, and the slope of the channel in the debris flow erosion area is 20°. According to the field investigation results, the thickness of the erodible material source is set to 0.5 m. The geometric model of debris flow and rigid barrier considering the source erosion-entrainment process is shown in Figure 12A. The model consists of the DEM debris flow initiating material source, SPH erodible material source, FEM rigid barrier, and the channel. The width of the model is 1 m. The starting length of debris flow is 5 m, and the length of the erosion area is 10 m.
[image: Figure 12]FIGURE 12 | Debris flow and barrier model considering the erosion-entrainment process (A) geometric model (B) mesh model.
The mesh models of the debris flow and rigid barrier considering the source erosion-entrainment process are shown in Figure 12B. C3D8R hexahedron element with the size of 0.1 m is used for the rigid barrier. DEM particles with a particle diameter of 10–25 mm are used as the starting source of debris flow. SPH particles with a spacing of 0.05 m are used as the erodible source.
4.2 Basic parameters and boundary conditions of the simulation
The strain softening model in Section 2.5 is used for the erodible material source. The elastic constitutive model is used for the DEM material source particles. The elastic constitutive model is used for the rigid barrier. The rigid constitutive model is adopted for the channel. Specific simulation parameters are shown in Table 3. The volume of initial provenance and the erosion thickness of soil layer were determined based on field investigation and field tests.
TABLE 3 | Basic parameters of numerical simulation.
[image: Table 3]All degrees of freedom of the channel are fixed, and the bottom of the barrier is fixed. The debris flow starts under gravity and enters the flow area, producing an erosion-entrainment effect and finally impacting the barrier. The calculation time is 10 s, and the process from the debris flow starting to erosion-entrainment to impact is simulated.
5 RESULTS AND DISCUSSION
In this paper, the coupled numerical simulation analysis of the debris flow impact process, debris flow impact force time history, and barrier displacement time history with or without considering the erosion-entrainment process is carried out by the established model. Finally, the parameters of the debris flow impact force formula are modified, which provides a reference for debris flow prevention and the design of a barrier.
5.1 Comparison of debris flow impact process
The impact process and velocity vector results of debris flow with and without the erosion-entrainment process are analyzed in this section to study the impact of the erosion-entrainment process on the debris flow impact process. Figure 13A shows the impact process and velocity vector results of debris flow without the erosion-entrainment process. Figure 13B compares the effects of including or excluding the erosion-entrainment process.
[image: Figure 13]FIGURE 13 | Comparison of debris flow impact process and velocity vector results with and without erosion-entrainment process.
The volume of debris flow is always the source volume when the debris flow starts, and all of the debris flow is intercepted by the barrier. The case considering the erosion-entrainment process is shown in Figure 13A. The debris flow volume increases rapidly with the erosion-entrainment process and significantly impacts the barrier. Due to the increased debris flow volume, many debris flows rush out of the rigid barrier.
When the time is 0.7 s, the debris flow starts and flows through the erosion area to produce an erosion-entrainment effect on the erodible material source. At 1.5 s, apparent concave erosion occurs, further intensifying the entrainment process. At 2.6 s, the debris flow velocity reaches a maximum of 5.98 m/s, while the maximum velocity without the erosion-entrainment process is only 3.02 m/s. At 3.3 s, the debris flow starts to impact the barrier, and the debris flow velocity rapidly drops. At 4.1 s, the debris flow rushes out of the barrier. At this time, the impact height reaches the maximum, about 2.16 times higher than without the erosion-entrainment process. When the time is 5.0 s, the debris flow is deposited at the bottom of the barrier. When the time is 6.0 s, the debris flow finally becomes a static load. However, the impact process of debris flow without considering erosion at the same time is significantly different. Both impact velocity and impact height, the former is significantly greater than the latter.
5.2 Flow velocity and impact height of debris flow
The comparison of debris flow velocity with and without the erosion-entrainment process is shown in Figure 14. When the time is 2.6 s, the debris flow velocity reaches the maximum of 5.98 m/s. The maximum velocity without the erosion-entrainment process is only 3.02 m/s. The debris flow velocity considering the erosion-entrainment process is 1.98 times that without the erosion-entrainment process.
[image: Figure 14]FIGURE 14 | Comparison of debris flow velocity results.
Figure 15 compares the impact height of debris flow with and without the erosion-entrainment process. At 4.1 s, the impact height of debris flow reaches a maximum of 2.07 m. The maximum impact height without the erosion-entrainment process is only 0.96 m. The impact height of debris flow considering the erosion-entrainment process is 2.16 times higher than without the process.
[image: Figure 15]FIGURE 15 | Comparison of impact height results.
5.3 Impact force of debris flow and dynamic response of barrier
The comparison of the impact force of a debris flow with and without the erosion-entrainment process is shown in Figure 16. When the time is 4.1 s, the impact force of debris flow reaches the maximum of 155.65 kN/m2. The maximum impact force without the erosion-entrainment process is only 75.22 kN/m2. The debris flow velocity considering the erosion-entrainment process is 2.07 times that without the erosion-entrainment process.
[image: Figure 16]FIGURE 16 | Time history results of the impact force.
Figure 17 compares the displacement time history of the barrier with and without the erosion-entrainment process. At 4.1 s, the displacement time history of the barrier reaches a maximum of 1.75 mm. The maximum impact height without the erosion-entrainment process is only 0.82 mm. The impact height of debris flow considering the erosion-entrainment process is 2.13 times that without the process.
[image: Figure 17]FIGURE 17 | Time history results of the displacement.
5.4 Analysis and discussion
As seen from Figure 14, without considering the erosion-entrainment effect, the debris flow is in direct contact with the soil layer and deposits, and the flow velocity significantly decreases. The maximum velocity of debris flow with and without the erosion-entrainment process is 5.98 m/s and 3.02 m/s, respectively, and the time of maximum velocity is inconsistent. In the case of erosion-entrainment, the properties of erodible material sources change, and the thickness and velocity of the debris flow are significantly improved. This also shows the validity of the strain softening constitutive model in coupled numerical analysis.
As shown in Figure 15, the impact height of debris flow also significantly differs when the erosion-entrainment effect is considered or not. The maximum impact height is 2.07 m, rapidly dropping to 1.24 m after reaching the peak. Regardless of the erosion-entrainment process, the maximum impact height is only 0.96 m, and it slowly rises to its peak. This shows that the impact trend of debris flow is significantly different when the erosion-entrainment process is considered or not, and the former has prominent movement characteristics.
As shown in Figure 16, the time history of debris flow impact force is also significantly different with and without the consideration of erosion-entrainment. The maximum impact force in the erosion-entrainment process is 155.65 kN/m2 and rapidly drops to 91.77 kN/m2 after reaching the peak value. Regardless of the erosion-entrainment process, the maximum impact force is only 75.22 kN/m2, slowly rising to its peak. This shows that the impact force law of debris flow is significantly different when the erosion-entrainment process is considered. The former mainly corresponds to the fluid dynamics theory, while the latter is more suitable for calculation using the hydrostatic theory.
As seen in Figure 17, the dynamic response of the barrier is consistent with the law of debris flow impact force. In the design of the barrier, the hydrodynamic model is recommended because the law of debris flow impact force considering the erosion-entrainment process is significantly different from that without considering the process. It is suggested to modify the empirical formula of the debris flow impact force to consider erosion-entrainment. The existing calculation formula of debris flow impact force based on hydrodynamics is shown in Eq. 9 (Hungr et al., 2005):
[image: image]
Here [image: image] is the peak impact force; [image: image] is the empirical coefficient; [image: image] and [image: image] are the density and velocity of debris flow, respectively.
It is suggested to use the erosion-entrainment correction coefficient [image: image] to modify the parameters of the empirical formula of debris flow impact force considering the erosion-entrainment effect:
[image: image]
Here, γ is the erosion-entrainment correction coefficient.
As a result of this paper’s numerical calculation, the debris flow velocity considering the erosion-entrainment process is 2.07 times that without the process. It is recommended that the erosion-entrainment correction coefficient ranges from 2 to 10.
6 CONCLUSION
This paper establishes a complex coupled dynamic model of debris flow, erodible material source, and rigid barrier based on the coupled SPH-DEM-FEM algorithm. The following research has been carried out:
A complex coupling dynamic model of debris flow, erodible material source, and a rigid barrier is established in this paper. By comparing the model with the laboratory test, the applicability of the coupled SPH-DEM-FEM method to the analysis of the impact force caused by debris flow is verified. The strain softening model is used to simulate the process of the erodible material source from solid state to transition state and finally to liquid state. The impact force caused by debris flow and the dynamic response of a rigid barrier, considering the process of source erosion-entrainment, is analyzed. The results show that the volume of debris flow, impact force, and dynamic response of a rigid barrier considering source erosion entrainment are significantly greater than the original model. The existing formula of debris flow impact force is modified in this paper according to the calculation results. The coupled numerical analysis method and research results help to clarify the impact of erosion-entrainment, the calculation of debris flow impact force, and the design of a rigid barrier.
(1) Using the coupled SPH-DEM-FEM algorithm, a complex coupling dynamic model of debris flow, erodible material source, and rigid barrier is established using the strain softening model. By comparing the model with the laboratory tests, the applicability of the coupled SPH-DEM-FEM method to the analysis of the impact force caused by debris flow is verified.
(2) The impact process and velocity vector of debris flow with and without source erosion-entrainment are analyzed. In the former, due to the increase of debris flow volume, many debris flows rush out of the barrier, while the latter is completely intercepted. The coupled numerical model can simulate the erosion-entrainment process of the erodible material source.
(3) Comparative analysis of flow velocity and impact height of debris flow with and without source erosion-entrainment is shown. Considering the erosion-entrainment process, the maximum velocity and impact height of debris flow are 5.98 m/s and 2.07 m, respectively, 1.98 times and 2.16 times than when not considering the process. The results show that the erosion-entrainment effect significantly changes the debris flow.
(4) A comparative analysis of the time history of debris flow impact force and the time history of the rigid barrier displacement is carried out with and without considering source erosion-entrainment action. Considering the erosion-entrainment process, the peak impact force of debris flow and the peak displacement of the rigid barrier are 155.65 kN/m2 and 1.75 mm, respectively, which are 2.07 times and 2.13 times than without considering the process. The erosion-entrainment correction coefficient is introduced to modify the parameters of the existing calculation formula of debris flow impact force based on hydrodynamics based on the calculation results. The research results have a reference value for calculating the debris flow impact force and the barrier design.
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The fractures of different sizes in rock masses are important for describing rock fragmentation. The distribution dispersion of fracture size influences the blockiness level of the rock masses. Based on a normal statistical distribution, the volume ratio of blocks to rock (B) was obtained to describe the blockiness level. For exploring the effect of the dispersion of fracture size on blockiness level and the representative elementary volume (REV) of rock masses, the laboratory model and numerical simulation were established, and the theory of statistics and the method of analytical solution were applied. In addition, 4,525 practical rock models were established to qualitatively reproduce the behavior of B with changing domain size. The results show that by comparing the degree of convergence, the REV of a rock mass is determined by the fracture size rather than the degree of fracture dispersion. The value of B increases with the distribution dispersion of fracture size, indicating a higher blockiness level. From the experimental analysis of coin tossing, when the number of trials exceeds 69, the random results are nearly stable. In this study, 100 calculations were performed. A formula to calculate the blockiness by considering the dispersion degrees of fracture size was obtained. Moreover, a positive linear correlation between B and the coefficient of variation of fracture size was obtained. The rate of increase in B has a parabolic relationship with the ratio of fracture size to fracture spacing (L).
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1 INTRODUCTION
The typical unit volume or the representative elementary volume (REV) is the minimum volume that represents a material on a large scale. The concept of the REV is an indispensable basis for understanding fractured rock masses, and the existence of a REV is the premise of continuum theory and the finite element theory. This continuum method is important for solving large rock problems (Wang et al., 2022b; Lei et al., 2022). When the REV size is very small, the theory of continuous media can be applied directly. However, the application of this theory to fractured rock masses is limited. For example, the representativeness of the permeability tensor and the applicability of porous medium theory depend on the existence of a REV in the rock mass (Bear, 1972; Long and Billaux, 1987; Wang et al., 2003). A REV is the basic and key index of rock mechanical properties (Xiang and Zhou, 2005). As a result, the concept has attracted a great deal of attention in the field of geotechnical engineering and has been discussed from various points of view in many publications. These include the three-dimensional (3D) and two-dimensional (2D) hydraulic conductivity, the damage coefficient, the geological strength index, and the REV (Wang et al., 2002; Ni et al., 2017; Wang et al., 2018; Huang et al., 2020). The REV method can describe a threshold of a rock mass property, such as hydraulic conductivity (Li and Zhang, 2011). Typical rock masses are formed under the influence of blocks with different domain sizes (Shahami et al., 2019). In this study, the REV of a rock mass was explored from the viewpoint of the block.
The stability of rocks has always been a focus of concern. Wang et al. estimated the effect of five indexes on the stability of slop by numerical and statistical methods (Wang et al., 2022c). The study of blockiness level is of great significance to avoid geological disasters such as rockfalls and tailings pond failures (Wang et al., 2019; Wang et al., 2021; Wang et al., 2022a; Lin et al., 2022; Ma and Liu, 2022). Blockiness is defined as the percentage of the volume of isolated blocks formed by fractures to the total volume of the rock (Xia et al., 2016). It is used to quantitatively describe the fragility level of a rock mass (Aler et al., 1996; Chen et al., 2021). A rock mass with a higher blockiness level tends to be more fragmented. Conversely, a rock mass with a lower blockiness level has a stronger integrity. In recent years, blockiness has been adopted by some researchers as an index of rock mass quality classification. In a paper by Xia et al. (2016), 77 types of fractured rock mass models were developed based on seven classes of fracture size and 11 spacing categories recommended and classified by the International Society for Rock Barton (1979). The rock block was identified and its B was investigated. For each domain size, nine implementations were performed to reduce the effects of randomness. The results indicated that 76 REV sizes ranged from 2 to 20 times the fracture spacing.
It is well known that the influence of fractures on the blockiness level is considerable, especially in the spacing, size, and statistical distribution of fractures (Elmouttie and Poropat, 2011; Zhu et al., 2014; Ajayi et al., 2018). The sizes and distributions of fractures in rock masses are diverse (Hu et al., 2022; Yang et al., 2022). Fracture spacing and size control the volume, quantity, and stability of a block. In this study, the fracture sizes of each model were constant. The quantitative relationship between B, fracture spacing, and size was explored, assuming equal fracture sizes (Xia and Yu, 2020). In this study, a relationship between B and normally distributed fracture size was obtained. The coefficient of variation (Cv) was now used to indicate the dispersion degree of fracture size. A more practical model was established by GeneralBlock (GB) software, and the influence of the statistical dispersion of fracture size on B and REV was investigated. To decrease the random error of this relationship, the number of calculations was increased from 5 to 100. This process includes the following: 1) based on the 77 models by Xia et al. (2016), the statistical distribution of fracture size was changed while the other parameters were kept constant; 2) five types of fracture networks were constructed under different statistical dispersions of fracture size; 3) rock blocks in each model were identified, and the fluctuation in B with the size of the model area was calculated; and 4) the REV sizes in these models were determined by the convergence or the Cv of B, and an analytical function describing the relationship between B and the distribution dispersion of fracture size was developed.
2 STATISTICAL DISTRIBUTION OF FRACTURE SIZE
2.1 Fracture shape and size
The complex fractures in rock have a great influence on the quality and safety of rock in geological engineering projects such as dam foundations, underground tunnels, or caverns. A scheme for modeling fracture networks was proposed (Neuman, 1989). However, for this model, the fracture geometry and distribution must be determined first. In past research, the fractures have been hypothesized to be disc-shaped, ellipsoidal, or polygonal (Baecher and Lanney, 1978; Dershowitz and Einstein, 1988; Kalenchuk et al., 2006). Polygonal and ellipsoidal models, which incorporate more geometric coefficients than the disc model, may describe the fracture shape more accurately. However, it is not easy to determine these coefficients (such as the directions of the major and minor axes of an ellipse). The more coefficients there are, the greater the uncertainty of the model. In this study, the disk assumption was adopted, so only its diameter or radius was needed to describe the fracture size. The spatial location of fractures was determined by the Poisson model (Priest and Hudson, 1976). Among all fracture parameters, fracture size directly and critically affects the characteristics of rock masses such as fracture closure, permeability, and rock instability (La Pointe et al., 1993; Giwelli et al., 2009; Lang et al., 2014; Zhang et al., 2020). A normal distribution and dispersion level are concerns in this study.
2.2 Statistical dispersion of fracture size
The statistical distribution of the fracture size is an important parameter for characterizing fractures. Although there are many distribution forms of fracture size, the Gaussian distribution (the normal distribution) is the most commonly applied distribution in the statistical analysis of geotechnical engineering. A simple form of the normal distribution is another reason for applying it. It only requires the parameters of mean and standard deviation. The discrete level of stochastic variables can be described by the standard deviation. Moreover, a normal distribution is generally adopted for fracture size. The standard deviation of the fracture size can be calculated by estimating the maximum value and the minimum value. In this study, the effect of the discrete level of fracture size on blockiness and REV was explored. The normal distribution of fracture size has been adopted by many authors, which is an important distribution in theory and application (Pahl, 1981; Min and Jing, 2003; Priest, 2004; Song et al., 2022; Zhang et al., 2022). According to the criterion of normal distribution, the probability density function, denoted as f(x), was defined as (Wilson, 1927)
[image: image]
where μ is the mean, σ is the standard deviation, and σ > 0. As demonstrated in Figure 1, the shape of the curve is determined by the parameter σ. The coefficient of variation (Cv) is defined as the ratio of the standard deviation (σ) to the mean (µ). To avoid the effect of the mean, Cv can be used to represent the statistical dispersion degree of fracture size.
[image: Figure 1]FIGURE 1 | Probability density function f(x) for σ = 0.7, σ = 1, and σ = 2.
3 BLOCKINESS AND REV OF ROCK MASSES
3.1 Fracture network modeling
Xia et al. (2016) developed 77 types of fractured rock mass models and calculated the 3D fracture density (d3) of these models (as illustrated in Table 1). On this basis, five types of models are selected to discuss the influence of fracture size dispersion with a normal distribution on the B and REV of rock masses. The five representative models were as follows: model I with moderate spacing and moderate persistence (MS1-MP1); model II with moderate spacing and low persistence (MS2-LP2); model III with wide spacing and high persistence (WS1-HP); model IV with wide spacing and medium persistence (WS1-MP1); and model V with wide spacing and low persistence (WS1-LP2). The domain sizes of these cubic models have side lengths ranging from 2 to 20 times the fracture spacing.
TABLE 1 | Spacing, size, and 3D density (d3) of the fractures in the 77 fractured rock models. (Xia et al., 2016).
[image: Table 1]Using the principle of 3σ to measure the probability of a normal distribution within μ ± 3σ, the probability is approximately 99.7%, as given in Figure 2. That is, the probability of random numbers out of this range is negligible. Normal random variables range in value from positive to negative, whereas the fracture size cannot take negative values. We defined μ - 3σ > 0 to ensure that the value is positive. For each model, five different standard deviations were selected. The parameters of the discrete fracture networks are provided in Table 2, containing the fracture orientation, fracture occurrence, and standard deviations of fracture size. The representative fracture networks were obtained by statistical dispersions of different fracture sizes, as shown in Figure 3.
[image: Figure 2]FIGURE 2 | The areas under the normal density function within the ranges of μ ± σ, μ ± 2σ, and μ ± 3σ.
TABLE 2 | Parameters of the discrete fracture network models with different means (μ), standard deviations (σ), and coefficients of variation (Cv).
[image: Table 2][image: Figure 3]FIGURE 3 | The fracture networks with different dispersions of fracture size: (A) model II, (B) model III, (C) model Ⅴ; the domain size of (A) to (C) is 3.6 × 3.6 × 3.6 m3, 18.2 × 18.2 × 18.2 m3, 2.6 × 2.6 × 2.6 m3.
3.2 Calculation of the blockiness and REV
In this study, fractures with five different standard deviations of normal distribution were considered in the simulation analysis. According to the parameters of fracture in Table 2, the domain size ranges from 2 to 20 times the spacing. A total of 4,525 fractured rock models were established. The method of multiple simulations was applied to reduce randomness. A comparison of the theoretical and simulated fracture radii of each model is presented in Table 3, for the number, mean, and standard deviation of the fractured radii. The results show that the models adopted in this work, which allow a more realistic consideration of fracture size dispersion than previous models, can capture the blockiness level well. These fractured rock models were considered reasonable. The rock model based on the fracture networks of the three models is shown in Figure 4. The number of blocks increases with the distribution dispersions of fracture size. To ignore random errors, simulations are performed 9 times at every domain size, and random values of B with 10 domain sizes of five models are obtained. The results reveal the behavior of B with domain size.
TABLE 3 | Comparison between theoretical and simulated fracture radii in each model.
[image: Table 3][image: Figure 4]FIGURE 4 | The models of rock masses produced by adopting different dispersions of fracture size: (A) model II, (B) model III, (C) model Ⅴ; the domain size of (A)-(C) is 3.6 m3 × 3.6 m3 × 3.6 m3, 18.2 m3 × 18.2 m3 × 18.2 m3, 2.6 m3 × 2.6 m3 × 2.6 m3.
A rock mass has volumetric properties. When the volume of the rock mass reaches a certain range, the rock parameters tend to be stable; this threshold volume (the REV) can be used to represent the whole rock. When the fluctuation in B is stable, the volume of rock is defined as the REV size. In this study, the Cv and the convergent mean with multiple simulations are used to investigate the REV volume (Min et al., 2004; Song et al., 2017; Chwała and Kawa, 2021). A point was proposed that 20 realizations were sufficient for the convergence of the factor of safety (Li et al., 2022). To obtain the value of B in the rock mass, 100 random realizations were performed at the REV size of the rock models.
The convergent mean with multiple simulations was used to estimate the fragile behavior of rock (Xia and Yu, 2020). For the 77 types of models, blocks were identified by GB, and the variation in B with domain size was investigated. Every domain size of the models was realized 5 times by Xia and Yu (2020). Then, a curve that represents the average of five random realizations was drawn to show the fluctuation in B with the domain size. In this way, the REV size of these models can be calculated by the convergence level of the mean B. The B of these fractured rock masses can be determined by the REV size. Based on block theory, the analytical function relating B, C, and D can be expressed (Yu et al., 2009; Xia and Yu, 2020; Cheng et al., 2021)
[image: image]
where L is the ratio of D to C; D is the fracture diameter, m; C is the fracture spacing, m; and α and β were calculated as α = −0.000176 and β = 3.42. The value of B in this equation is simulated under the circumstances that the fracture size is equal. It is worth considering how many random simulations of models can bring the random results close to a true value (Liu et al., 2019). To explore this issue, the experiment involved tossing a coin via a computer simulation. As shown in Figure 5, a coin tossed multiple times can land on either side with equal probability until 69 coins have been tossed. Only then will the coin have a 90% within the range from 0.4 to 0.6. To obtain an accurate B value, 100 random operations were performed in 10 different volume domains of 77 rock models. Then, this equation has new factors: α = −0.00656 and β = 2.15509.
[image: Figure 5]FIGURE 5 | The 3 trials of random coin tossing from (A–C).
The value of B was determined by the coefficient of variation and the convergent mean method with multiple simulations. The B value for 100 calculations of the 77 types of models is shown in Table 4 when the fracture size is constant. A total of 77,000 calculations are performed. The detailed data is contained in Supplementary Data S2 of the supplementary material. The value of B with 100 calculations slightly changed, compared with the findings by Xia and Yu (2020). The S-shaped curve of B with 100 calculations of the 77 models is shown in Figure 6, which is consistent with the simulated results.
TABLE 4 | The calculated blockiness results of 77 fractured rock models.
[image: Table 4][image: Figure 6]FIGURE 6 | The function between blockiness, fracture diameter, and fracture spacing.
4 RELATIONSHIP BETWEEN DISTRIBUTION DISPERSION OF FRACTURE SIZE AND BLOCKINESS AND REV
4.1 Relationship between the distribution dispersion of fracture size and REV
There are some errors in the construction of stochastic discrete fracture networks, which can be reduced by multiple realizations (Wei et al., 2020). For the fracture network model, 10 ranges of rock volumes were considered to investigate the blockiness level. Nine simulations of the models were carried out within each rock volume, and nine blockiness values were obtained. The average of the nine blockiness results was taken as the blockiness level of the rock masses. There exists a size effect for the blockiness level of the rock mass. The blockiness level gradually becomes stable when the volume size of the rock masses reaches a certain condition. The coefficient of variation method is currently used to evaluate the stability of multiple stochastic simulations (Min and Jing, 2003; Wei et al., 2020; Wang et al., 2022c; Wu et al., 2022). The calculated data from random simulations are considered more reliable when the coefficient of variation of the multiple simulations keeps less than 10%, 5%, or 2%. Alternatively, visual observation of the mean value of multiple simulations is a way to evaluate the stability. In this study, the B value was determined with the coefficient of variation and the convergent mean with multiple simulations. When the simulation results of the rock model are stable with the volume of the rock, the minimum volume is considered to be the REV volume of the rock. The size of the rock volume can be represented by a multiple of the fracture spacing. In this study, the multiple of the fracture spacing was used to describe the REV size of the rock masses. For different distribution dispersions of fracture size, the diagram of the B value within the domain size is drawn in Figure 7. The horizontal coordinate is the ratio of the length of the rock side to the fracture spacing, representing the size of the rock volume. The vertical coordinate is the blockiness, representing the fragmentation degree of the rock. As can be seen, the fluctuations of the curves are largely unaffected by the distribution dispersion of fracture size. REV size is the rock volume when B tends to be stable with the increase in domain size. The lengths of models I–V have REV sizes varying from 10, 6, 14, 6, and 4 times the fracture spacing, respectively.
[image: Figure 7]FIGURE 7 | The relationships between B and the domain size of the five models: models of (A–E) is I to V.
4.2 Relationship between distribution dispersion of fracture size and blockiness
The B value of these fractured rock masses can be decided at the REV size. When the distribution of fracture size is normal, the length of models I–V at REV size is correspondingly 10, 6, 14, 6, and 4 times the fracture spacing. Thus, we take 100 random realizations at REV size. The detailed data is contained in Supplementary Data S1 of the supplementary material. The fluctuation in B with the coefficient of variation of fracture size is shown in Figure 8. The curve represents the average of 100 random realizations. The B value increases with the Cv of the fracture size. As shown in Figure 8A, the B of model I increases from 84.69% to 91.14%. As shown in Figure 8B, the B of model II increases from 9.39% to 29.17%. As shown in Figure 8C, the B of the model III increases from 63.51% to 89.70%. As shown in Figure 8D, the B of the model IV increases from 9.24% to 27.49%. As shown in Figure 8E, the B of the model V increases from 0.52% to 2.04%.
[image: Figure 8]FIGURE 8 | The relationships between B and the dispersion of fracture size (Cv): (A–E) is model I–V, the domain size of model I to Ⅴ is 4 m3 × 4 m3 × 4 m3, 3.6 m3 × 3.6 m3 × 3.6 m3, 18.2 m3 × 18.2 m3 × 18.2 m3, 7.8 m3 × 7.8 m3 × 7.8 m3, 2.6 × 2.6 × 2.6 m3.
If the distribution dispersion of the fracture size is higher, the rock has a higher blockiness level. The distribution dispersion of fracture size is important to influence the B of rock. As shown in Figure 8, the relationship between B and Cv is a linear curve. To explore the simulated relationship, the calculated results were fitted by computer tools. The equations describing the relationship between B and the distribution dispersion of fracture size corresponding to models Ⅰ to Ⅴ were
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where Cv is the coefficient of variation of fracture size; and R2 is the relative coefficient. The R2 of these expressions ranges from 0.8 to 1, which means that the abovementioned functions match the data and trend change closely. Moreover, all of these equations can be summarized by
[image: image]
where k is the slope, Cv is the coefficient of variation of fracture size, and B0 is the intercept. Among these values, k represents the growth rate of increase in B with the distribution dispersion of fracture size, and B0 is the blockiness when the fractured dispersion equals 0. The B0 value in this equation can be determined by calculated data corresponding to equal fracture sizes. Namely, B0 can be obtained from Table 4, and it is fairly consistent with these models. Equation 4 indicates that this function has a non-deterministic parameter. The Cv of the fracture size is defined as the ratio of standard deviation to the mean fracture size. Namely, it interprets the fracture size and relates it to the fracture diameter. As provided in Table 3, the value of B0 can be effectively computed, whereas the relationship between k and the distribution dispersion of fracture size needs to be further validated. Since k can be assumed to capture the effects of fracture size and spacing, the 2D relationship among k, fracture diameter, and fracture spacing is depicted in Figure 9:
[image: image]
where L is the ratio of D to C; and R2 is the relative coefficient. Equation 5 is a standard quadratic polynomial function. Here, R2 can reach 0.99273, which means that k has a reasonably high correlation with fracture spacing and diameter via this function. Combining Eqs 2, 4, 5, a new function between B, Cv, and L capturing the effect of fracture spacing and fracture diameter can be determined:
[image: image]
where L is the ratio of D to C; α = −0.00656 and β = 2.15509.
[image: Figure 9]FIGURE 9 | The 2D curve among k, fracture diameter (D), and fracture spacing (C).
5 CONCLUSION
The size and statistical distribution of fractures are key factors that determine the structural integrity and blockiness level of a rock mass. To discuss the influence of the distribution dispersion of fracture size on the B and REV of fractured rock masses, five standard deviations of fracture size with a normal distribution were considered. Based on 77 rock models, five typical fractured rock models were built. To take into account randomness, 10 volume domains of each model were studied and nine random operations were performed. To obtain an accurate B value, 100 random operations were carried out in the REV size domain. The main research results are as follows:
(1) The blockiness converges gradually with increasing rock volume when the fracture size is normally distributed. The simulated results show that the REV size of these models remains constant with the increasing dispersion level of fracture size. Namely rock REV is insensitive to the distribution dispersion of fracture size when the fracture diameter is constant.
(2) The blockiness increases slightly with the distribution dispersion of fracture size. The numerical analysis shows that there is a positive linear correlation between B and the coefficient of variation of fracture size. The relationship between the growth rate of increase in B (k) and the ratio of fracture size to fracture spacing (L) is a parabolic curve. This formula for the fracture spacing, fracture diameter, and dispersion of fracture size in relation to the blockiness level provides a means of calculating the blockiness level of a rock mass. The blockiness level of 77 fractured rock masses provides data to support the study of rock masses.
(3) Note that the proposed extended equation is generally applicable only when the fracture size of the five models satisfies the normal distribution, and its exact relationship needs to be further verified by constructing more fractured rock models. In addition, there is more than one commonly distributed form of fracture size. The influence of the distributed forms of fracture size on the rock masses is subject to further study.
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Slope reinforcement is a common method to solve the problem of slope instability, and reasonable optimization of the corresponding support parameters is crucial for practical engineering. In this paper, the slope support method of Manyanpo tunnel entrance section is taken as an example, and the theoretical calculation method is used to optimize the project cost. Combined with the orthogonal test, the sensitivity analysis of the influencing factors of the stability of the support system and the selection of the optimal parameter combination scheme are carried out. Then, based on flac3d software, the optimization scheme is compared with the original design scheme. The results show that the safety factor of the optimized scheme is increased from 1.32 to 1.43 compared with the actual project. The optimized support parameters have better control effect on the displacement of the slope, especially in the Z direction. The optimized parameters have better support effect. This study can provide reference for the optimization design of slope engineering support.
Keywords: slope support optimization, orthogonal test, bending moment of frame beam, FLAC3D, support parameter calculation
1 INTRODUCTION
The stability of rock slope is essential in the construction of housing, transportation links, water conservancy, and hydropower projects in mountainous areas (Zhao et al., 2022). Slope reinforcement is an important method to solve the problem of slope instability, and it is important to reasonably optimize the support parameters. In recent years, many researchers have done a lot of research on the optimization of slope support parameters and slope numerical modeling, and achieved fruitful results. Based on the limit equilibrium method and finite element method, Liao et al. (2021) optimized the reinforcement scheme of a reinforced high fill slope at an airport. Li et al. (2014) obtained the optimal design slope angle of fill slopes at different heights and the minimum expected cost of unit projects through analysis of the optimal design model. He and Lin (2010) discussed the influence of different bolt parameters on the stability of jointed slope based on FLAC3D software to realize optimization of slope anchorage. Lou and Zhou (2004) adjusted the support parameters, excavation depth, and support time of the slope in time; thus, effectively controlled the deformation of a slope in the construction process; and ensured the overall stability of a high soft rock slope based on monitoring of the horizontal displacement slope in the construction process. Li et al. (2018) considering the high cutting slope of the fast section of Yingbin West Road in Jiangmen City, Guangdong Province, proposed an optimization design of the key supporting parameters in the anchor cable support scheme and obtained numerical values for the optimal anchor cable length, anchorage length, and anchor cable inclination angle. In addition, the stability and deformation characteristics of the slope after the installation of anchor cables were numerically simulated and analyzed. Qin (2015) employed numerical simulation to conduct a stability analysis and realize optimization design of related parameters of a slope reinforced by prestressed anchor anti-slide pile using finite element analysis software ABAQUS. Yi et al. (2013) determined the optimal combination of anchorage length and anchorage spacing of a specific slope via numerical simulation. Nengpan et al. (2009), based on TangTun highway in southern Anhui mountainous area, introduced a set of operable highway high-slope optimization design research methods. Wang et al. (2011) proposed the response surface test design method and applied it to the parameter selection of anchorage protection structure. The influence of anchor cable support parameters on the stability coefficient was studied, and the quantitative relationship model between the stability coefficient and the influencing factors was established. The residual distribution of the stability coefficient, the stability coefficient contour map, and the response surface three-dimensional map between different operating variables were provided. The test conditions were optimized, and the optimal value scheme of each anchor cable support parameter was obtained. Wang et al. (2014) proposed the method of pre-support and layer-by-layer excavation in a reserved excavation area. Accordingly, the optimal horizontal angle of anchor cable pre-support under different angles between rock strike and slope strike was evaluated, the support calculation model considering the angle of strike was established, and the corresponding relationship was derived. An et al. 2020 conducted a three-dimensional optimization design of the anchor cable reinforcement direction angle of the wedge-shaped rock slope. Finally, they verified the effectiveness and advancement of the method through examples and engineering examples. Zhang (2021) analyzed the protective effect of four kinds of bolt arrangement in a red layer slope by Flac3d software, and finally obtained the best bolt arrangement scheme. Liu et al. (2022) carried out a numerical simulation of the excavation process of the right bank slope group of Lawa, and on this basis, combined with the actual situation of the site, an optimization scheme of anchor cable support was proposed. Li et al. (2021) studied the influence of bolt length, anchorage angle, bolt spacing and layout on slope stability for a bedding rock slope, and then proposed an anchorage optimization scheme through orthogonal test. Lin et al., (2013) used NURBS technology to carry out three-dimensional geological modeling of the study area, and carried out secondary development of VisualGeo modeling software, and finally realized the automatic subdivision and data extraction of three-dimensional slope. Based on GIS and numerical simulation software, Han et al. (2019) proposed a set of three-dimensional slope modeling and simulation calculation schemes with strong applicability and smooth operation.
In summary, most scholars mainly measure the advantages and disadvantages of the support scheme from the perspective of cost and slope stability. Few scholars measure the advantages and disadvantages of the support scheme from the change of the bending moment of the support material. The main innovation of this paper is to introduce the bending moment index as the evaluation index to measure the effect of slope support before and after optimization. At the same time, the original support scheme of the slope at the entrance of Manyanpo tunnel is optimized by orthogonal experiment, and then the numerical simulation of the support scheme before and after optimization is carried out based on FLAC3D software. Finally, the safety factor, displacement data and bending moment data before and after optimization are compared, thus comprehensively verifying the rationality of the optimization scheme. This study can provide a new idea and method for the selection of optimization schemes and the comparative study of support schemes before and after optimization, and provide a reference for the optimization of slope support engineering.
2 PROJECT PROFILE
The slope cover of a tunnel entrance in Yunnan is quaternary residual silty soil, which mainly comprises gneiss. The surface water system in the area is relatively developed and the rock is broken. A diagram of the slope protection is provided in Figure 1. The slope height is 24–56 m, and excavation is the main method. A bench is set every 8 m, and the width of each bench is 1 m, with a maximum of 7 grade slope. According to the local geological conditions and weathering degree of rock mass, the slope reinforcement method includes prestressed anchor cable frame beam support (the composite structure of the prestressed anchor cable and concrete frame beam can give full play to the anchoring effect of anchor cable and frame beam, which is widely used in slope reinforcement (Yao et al., 2006)), and the area is approximately 4,500 m2. Slope excavation slope is 1:0.75–1, prestressed anchor cable frame beam arrangement slope rate is consistent with the slope rate, frame beam classification arrangement. Table 1 presents specific settings.
[image: Figure 1]FIGURE 1 | Schematic diagram of slope protection.
TABLE 1 | Setting Information of prestressed anchor cable frame beam.
[image: Table 1]3 CALCULATION METHOD OF SLOPE STABILITY
In 1975, Zienkiewicz et al. (1975) first introduced the strength reduction method into the calculation of slope stability. In the development of slope engineering in recent years, with the development of the computer industry, the strength reduction method (Cai et al., 2015; Li et al., 2015; Li et al., 2017; Liu et al., 2017; Shi et al., 2019; Fang et al., 2020) is widely used in various projects, and has made great progress and breakthroughs. Compared with other analysis methods, this method has the following advantages: (Chen and Xu, 2013):
(1) The core idea of SRM is consistent with engineering practice.
(2) All the data of the internal force of soil and structure can be obtained.
(3) It is not necessary to presuppose the sliding surface, and automatically output the potential sliding surface.
(4) Simulating the progressive development of slope stability in the whole process of slope construction.
(5) It can simulate more complex formation conditions, and is not limited by slope shape, material properties, etc., and has wider applicability.
Therefore, this method was used to calculate the slope stability. The principle is to make the slope just reach the critical failure state. The safety factor is defined as the ratio of the actual shear strength of rock and soil mass to the reduced shear strength at critical failure (Chen and Xu, 2013). The calculation formula is as follows:
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[image: image] —Cohesion before reduction;
[image: image]— Cohesion after reduction;
[image: image] —Internal friction angle before reduction;
[image: image] —Internal friction angle after reduction;
[image: image]—Reduction coefficient;
4 NUMERICAL CALCULATION MODEL AND PARAMETER SELECTION
4.1 Selection of parameters
4.1.1 Selection of mechanical parameters
The mechanical parameters of each rock and soil mass are listed in Table 2.
TABLE 2 | Slope rock mass parameters.
[image: Table 2]4.1.2 Selection of anchor cable and frame beam parameters
Specific values of the calculation parameters for the anchor cable frame beam are provided in Tables 3, 4.
TABLE 3 | Anchor parameters.
[image: Table 3]TABLE 4 | Parameters of frame beams.
[image: Table 4]4.2 Numerical calculation model of slope
The model size is based on the actual slope size. According to the rock mass parameters of the slope in Table 2, the material properties of the slope were defined. Other parameters and anchor cable arrangement are displayed in Figures 2A–C. The Drucker Prager criterion (D-P criterion) was selected as the constitutive model. The upper boundary is set as free boundary, and the other boundaries are fixed.
[image: Figure 2]FIGURE 2 | (A) Calculation of slope map; (B) Anchor cable and frame beam layout diagram; (C) Anchor cable layout.
4.3 Calculation scheme of slope grading excavation
The slope was constructed in the order of excavating the first level of protection, and the construction sequence of the next level of slope was repeated after the stability of the upper level of slope. The monitoring points were set up using FISH language in FLAC to analyze the state of anchor cable of frame beam during excavation. After the excavation of the slope, the intersection point of the anchor cable frame beam in the left, middle and right positions of each grade slope were considered as the monitoring points, resulting in the total of 21 monitoring points. A schematic of the layout of the sixth and seventh step monitoring points is presented in Figure 3. The arrangement of the monitoring points below is consistent with the arrangement of the sixth and seventh steps.
[image: Figure 3]FIGURE 3 | Layout schematics of monitoring points for sixth and seventh steps.
5 PARAMETER SETTING AND OPTIMIZATION OF PRESTRESSED ANCHOR CABLE (XUE, 2016)
5.1 Optimization of anchorage force and anchorage angle
Various setting parameters of prestressed anchor cable frame beams exist, therefore, it is difficult to conduct a comprehensive analysis. Several research results (Zhang, 2011; Chen, 2015; Pan, 2017) demonstrate that anchoring force, anchorage angle, and anchorage spacing are the main setting parameters; and based on these, other parameter values are calculated. Therefore, this study considers these three factors as the research objects for calculation and optimization.
The anchoring force is determined by the sliding force of the slope, as shown in Figure 4. Assuming that the sliding force is f, then:
[image: image]
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[image: Figure 4]FIGURE 4 | The stress diagram of slope.
P1—Anti-sliding force, in equilibrium, the value is equal to the sliding force F (kN); P—Anchoring force (kN); θ—Angle of slide (°); β—Anchorage angle (°); φ—Angle of internal friction (°); N1—Interval of anchors (m); N2—Number of anchor cables; When the slope angle is 53°, the anti-sliding force of the slope calculated via Lizheng software is 6,762 kN, and the prestress design value of a single anchor cable is 718 kN, from Formula 4.
As shown in Figure 4:
[image: image]
The purpose of the design value of the anchorage angle is to provide the maximum anti-sliding force, and the extreme value of Formula 5 above can be obtained. Let ∂P/∂β = 0, then:
[image: image]
According to the limit equilibrium theory of earth pressure, the following can be determined: θ∈(45°-φ/2,45°+φ/2) The anchorage angle can be determined as: β=15–35°. To save construction costs, the anchor cable can be re-optimized. The anchoring force determines the length of the anchorage section. The value of the tension section is generally 0.5–1 m, so the length of the free section can be adjusted, If the anchor cable can bear a large anti sliding force in a short length, the anchor cable has the best effect. Assuming that the vertical distance from the sliding surface to the slope is l, the length of the free section of the anchor cable is:
[image: image]
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L1—Length of free end of anchor cable (m); L—Vertical distance from sliding surface to slope (m); γ—Slope angle (°);
5.2 Optimization of anchorage spacing
According to the elastic foundation model, the spacing of the frame beam should satisfy L < π/2λ (λ = 0.3–0.5), where λ is the elastic characteristic of beam, then the value of beam is 3–5 m. If the economic cost is considered, the cost of material lengths of 3, 4, and 5 m can be compared. Assuming that there is a square slope of 22 m × 22 m, the number of anchor cables required for the frame beam from large to small is 7, 5, 4. According to Formula 10 ∼ 12, the required steel strands are 3, 4, and 6, and the required anchorage lengths are 7, 13, 19.5 m. The material cost of a 15.24-mm steel strand is 6,737 yuan per ton, cement mortar is 573 yuan per ton, and frame beam concrete is 527 yuan per cubic meter. If the price of frame beam concrete is K, the mortar is 2.5K, and the steel strand is 31.2 K. The corresponding calculation results are shown in Table 5.
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TABLE 5 | Cost table of different anchor cable spacing.
[image: Table 5]AS—Rod area (m2); N—Axial tension value of single anchor cable (kN); f—Standard tensile strength of steel strand (MPa); 
d—Diameter of steel strand (mm); D—Anchorage body diameter (mm); n—Number of strands;
τa—Bond strength between mortar and steel strand (KPa); K—Factor of safety, Take 1.8; It can be observed from the table that the cost is the smallest when the anchor cable spacing is 4 m, and the frame beam meets the design requirements. It is not excluded that there is a small value between the anchor cables of 3–4 m. Therefore, it is better to optimize the anchor cable spacing in 3–4 m.
6 SELECTION OF PARAMETER OPTIMIZATION SCHEME BASED ON ORTHOGONAL EXPERIMENT
Based on the above calculations and optimizations, the anchor force is 460 kN, the anchor angle is 20–27°, and the anchor cable spacing is 3–4 m. The prestress value applied to each anchor cable in the No. One tunnel of the slope is 460 kN, and the calculated anchorage force is 718 kN. Therefore, 400–800 kN is considered in the prestress level value, and the specific scheme is introduced in detail in the following contents.
6.1 Design of orthogonal test
An orthogonal experiment (Zhuang and He, 2006; Zhong et al., 2015; Chai, 2017; Yang et al., 2017; Liu et al., 2021; Peng et al., 2021) is a combination of various factors and horizontal numerical permutations to form multiple schemes. The permutation and combination can be a comprehensive test or a few special representative combinations. The calculation is basically unbiased. The optimal scheme of various schemes is obtained via probability calculation. Its advantage is that it can reduce the number of tests while ensuring the reliability of test results through orthogonal design for the tests with long test cycle, high test cost and difficult test.
This experiment involves three factors and three levels; the levels of experimental parameters are shown in Table 6.
TABLE 6 | Factor level table.
[image: Table 6]Considering the overall safety factor of the slope after tunnel excavation as the standard to measure the slope stability, the solution process was as detailed in Table 7.
TABLE 7 | Test scheme Table.
[image: Table 7]6.2 Analysis of test results
The data in Tables 8, 9 were obtained according to the standard calculation method of an orthogonal table in the orthogonal experiment. It can be observed from the values of S2j and F that among the factors in the test, the influence degree of the factor is C > A = B. By comparing the above Kji values, K13 > K12 > K11 in factor A, K22 > K21 > K23 in factor B, and K33 > K32 > K31 in factor C, it is concluded that under such mountain conditions, the optimal scheme is prestressed at 600 kN, anchor cable spaced at 4 m, and maintained at an anchorage angle of 20°.
TABLE 8 | Calculation Table.
[image: Table 8]TABLE 9 | Analysis of variance table.
[image: Table 9]7 RESULTS AND DISCUSSION
The numerical simulation of the slope before and after the optimization of the support parameters is carried out, and the numerical simulation results are compared. The comparison includes three aspects, safety factor, displacement and frame beam bending moment.
7.1 Comparison of safety factors
The safety factor of slope is an important parameter to evaluate the safety of slope (Azadi et al., 2022; Nanehkaran et al., 2022; Nanehkaran et al., 2023). The safety factor of the slope before the optimization of the support parameters is 1.32, and the safety factor of the slope after the optimization of the support parameters is 1.43, which is 8.3% higher than that before the optimization of the support parameters. It greatly improves the stability of the slope.
7.2 Comparison of monitoring points increment on slope
Figures 5A–C present comparison charts of X, Y, Z-direction displacement curves before and after optimization. According to the data curves of the left, middle, and right monitoring points in Figures 5A–C, it can be observed that the general trend of the displacement-excavation times curves in the X, Y, and Z directions before and after the optimization is basically the same, however, the fluctuation of the optimized displacement-excavation times curve is smaller, indicating that the optimized supporting parameters indicate better control effect on the deformation of the slope in the X, Y, and Z directions. At the same time, the maximum displacement of the slope in the three directions of X, Y and Z after optimizing the parameters is 0.00027, 0.00047, and 0.00058 m respectively, which is about 30% of the maximum displacement increment of the monitoring points in each direction. This shows that the parameter optimization effect is better.
[image: Figure 5]FIGURE 5 | (A) X-direction displacement map before and after optimization; (B) Y-direction displacement map before and after optimization; (C) Z-direction displacement map before and after optimization (The first line of pictures is before optimization, and the second line of pictures is after optimization.)
According to the comparative analysis of displacement in three directions, the optimized supporting parameters have better control effect on slope displacement, particularly on the displacement in the Z direction, which can effectively prevent the occurrence of landslide disasters.
7.3 Comparison of bending moments of frame beams
The bending moment data of the middle frame beams of some slopes were considered, as shown in Figures 6A–C. By comparing and analyzing the bending moment diagrams before and after optimization, the following results were obtained.
(1) Compared with the bending moment data of the cross beam of the middle frame beam of the slope before optimization, the bending moment fluctuation after optimization is relatively stable, and the bending moment values of most beams are maintained at a low level, and fluctuate greatly, indicating that the optimized supporting parameters demonstrate a good control effect on the slope deformation.
(2) After optimization, the maximum bending moment of the cross beam of the middle frame beam at all levels of the slope is approximately 7.5 × 105 kN M, while the maximum value before optimization is approximately 4.2 × 104 kN M, which is tens of times higher than that before optimization, indicating that the optimized bending moment beam exhibits better material properties and improved supporting effect.
[image: Figure 6]FIGURE 6 | (A) Bending Moment Diagram of Frame Beam of the First Slope before and after Structural Parameter Optimization; (B) Bending Moment Diagram of Frame Beam of the Second Slope before and after Structural Parameter Optimization; (C) Bending Moment Diagram of Frame Beam of the Third Slope before and after Structural Parameter Optimization (The first line of pictures is before optimization, and the second line of pictures is after optimization.)
7.4 Discussion
When evaluating the optimized support effect, most scholars use the safety factor and displacement cloud map as the standard to evaluate the optimization effect. However, this evaluation standard is not comprehensive, and it cannot reveal whether the support material fully exerts its material characteristics, which may cause excessive waste of materials. In this study, a series of monitoring points were set up through the preparation of fish language, and finally the change curve of the bending moment value of the frame beam at each monitoring point during the operation of the support system was obtained. The curve can clearly show the stress of the frame beam, and it is easier to judge whether the frame beam fully exerts its material characteristics, thereby reducing the excessive surplus of materials, which has a great help to control the cost of slope support. However, in the face of large-scale slope support projects, this method needs to design more monitoring points to monitor the stress of frame beams, which will increase the workload. Therefore, it is necessary to further study which parts of the monitoring point data are more important, thereby reducing the layout of monitoring points to reduce the workload.
8 CONCLUSION
In this paper, the original support parameters of the slope at the entrance of the Manyanpo tunnel are optimized, and the slope before and after the optimization of the support parameters is numerically simulated. Then the results of the numerical simulation are analyzed and compared. Finally, the following conclusions are drawn.
(1) The optimized support parameter combination is: prestress is 600 kN, anchorage angle is 20°, and anchor cable spacing is 4 m. The order of the influence degree of these parameters on the stability of the support system from large to small is prestress, anchoring angle and anchor cable spacing.
(2) The slope safety factor after optimizing the support parameters is 8.3% higher than that before optimization, which improves the stability of the slope. The optimized support parameters have better control effect on the displacement of slope in X, Y, and Z directions, especially in Z direction.
(3) The maximum bending moment value of the frame beam after parameter optimization is tens of times of the maximum bending moment value of the frame beam before optimization, which indicates that the optimized bending moment beam can exert better material properties while ensuring slope stability.
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To investigate the toppling displacement evolution characteristics of anti-dip rock slopes, the Xiaodongcao-Zhengjiadagou bank slope is taken as an engineering case, and firstly, the geological geometric distribution characteristics of the slope are obtained by superimposing the lithology, slope, and elevation raster layers of the slope through ArcGIS, and the geological partition with the largest area is the Lower Triassic Daye Formation, bottom elevation, and medium slope; based on the actual surface displacement monitoring data, the spatio-temporal evolution nephogram of toppling displacement of bank slope every half year is interpolated by Inverse Distance Weight method, and then the last displacement nephogram is assigned to the thousandth and superimposed with the geological geometric partition to obtain the displacement superposition characteristics. The results show that: the obvious zone of horizontal displacement deformation mainly occurs in the front and middle of the bank slope, mainly shear deformation, vertical displacement is primarily in the front and the back edge of the bank slope and the total displacement deformation is more similar to the horizontal displacement; the horizontal displacement value is larger than the vertical displacement value, the horizontal displacement deformation controls the overall deformation of the bank slope; through the analysis of the geometric superposition evolution of the anti-dip rock slope, the displacement superposition strong deformation zone is located at the boundary between the Triassic Jialingjiang Formation (T1j) and the Triassic Daye Formation (T1d).
Keywords: anti-dip slope, displacement nephogram, evolution characteristics, strong deformation zone, geological partition
1 INTRODUCTION
Southwest China is a region where landslide geological disasters occur frequently, and the analysis of the deformation characteristics of landslides is one of the essential aspects of landslide control (Bao et al., 2023). Especially when encountering complex geological conditions such as broken structural surface, weak interlayer and fault, the stability of landslide is greatly reduced (Wang et., 2022a; Wang et., 2022b; He et al., 2022).
Huang. (2012) studied some typical large-scale landslides in mainland China in the 20th century and developed a geomechanical model for large-scale toppling in anti-dip strata. Goodman and Bray. (1976) classified the damage mode of anti-dip slopes into three main types: bending damage, block damage, and bending-block damage. Liu et al. (2009), Liu et al. (2010) conducted a more in-depth study on overturning damage of rock slopes based on Goodman’s theory of rock slope damage. Chen et al. (2016) established a mechanical model and stability analysis method for bending and tipping damage of anti-dip rock slopes based on limit equilibrium theory. Shen et al. (2010) studied the rheological properties of red soft rock, and their results have important reference values for the design of anti-dip red soft rock slopes. Adhikary et al. (1997) conducted a series of model centrifugal tests to study the bending and tipping damage mechanism of jointed rock slopes. Alejano et al. (2010) used numerical analysis to analyze the damage mechanism of open pit mine. They interpreted the anti-dip stratified slope as a complex combination of tipping and cyclic damage. Bowa and Xia. (2018) proposed a technique for angular analysis of counter-tilted failure surfaces applicable to block tipping failure mechanisms, which can provide an accurate application for evaluating the instability of rock slopes with counter-tilted failure surfaces. Li et al. (2019) analyzed the width, and ridge number variation characteristics of the fast Fourier transform spectrum along the slope surface to reveal the internal damage characteristics of anti-dip rock slopes. Ning et al. (2019) conducted a simulation study on the evolutionary characteristics of toppling failure of anti-dip rock slopes and revealed the relationships between the surface peak ground acceleration, the horizontal depth of the failure plane, and slope displacement. Tao et al. (2019) used the superimposed cantilever beam theory and the maximum tensile stress strength criterion for brittle damage to derive a formula for calculating the vertical crack extension depth in reverse slope overturning damage by studying and analyzing the unstable damage mode of massive overturning damage of the southwest slope of the Changshanhao open-pit gold mine. Based on the similarity ratio theory, Zhu et al. (2020) developed a physical model to investigate in depth the damage mechanism of anti-dip layered slopes during excavation. Weng et al. (2020) proposed an innovative failure criterion for assessing the stability of anti-dip rock slopes, which outperforms the Mohr-Coulomb criterion at low normal stresses and is more relevant to reality. Xie et al. (2020) analyzed the evolution characteristics of toppling deformation of rock slopes from the perspective of the energy field. Dong et al. (2020); Dong et al. (2022) combined field monitoring data to simulate the excavation process of anti-dip rock slopes with the discrete element method and analyzed the influence of different factors on the slope. The results show that the scale and stability of the deformation zone of the anti-dip rock slope have a specific influence, and the lithology determines the failure mode of the toppling failure. Cheng et al. (2021) used a digital camera to take high-speed images of real-time deformation behavior of overturn-resistant rock slopes under external loads, analyzed the entire damage process of anti-dip rock slopes, and discussed in detail the ultimate damage modes of the anti-dip rock slopes with different joint angles. Ding et al. (2021) studied the characteristics and process of the flexural toppling of anti-dip rock slopes. They obtained the characteristics and mechanical mechanism of flexural toppling, as well as the zoning of the slope. Xu et al. (2022) used the discrete element method (DEM) to explore the failure of earthquake-induced large-scale anti-dip rock landslides. Ren et al. (2022) used the three-dimensional discrete element method to analyze the dynamic response to the seismic dynamic of the anti-dip rock slopes. Nie et al. (2022) conducted a study on the control of deformation damage of NPR structural cables on rocky slopes under excavation by using numerical simulation method, and revealed the control mechanism of NPR structural cables on rocky slope tipping deformation. They studied the amplification effect, the change in the Fourier spectrum, the failure mechanism, and the permanent displacement of the slopes under seismic action.
As this project is a typical anti-dip layered rock slope, it has attracted the attention of many experts and scholars. Cai et al. (2014) established the cantilever beam limit equilibrium calculation model and verified its correctness with the numerical software UDEC, and obtained that the damage zone of anti-dip stratified rock slope is determined by the foot of the slope, dip angle of the rock layer, and slope height. Gao et al. (2015) considered the Goodman-Bray method of calculating the stability of anti-dip rock slopes under the action of groundwater. Wei. (2015) used numerical software (UDEC) to study the variation rule of toppling deformation of anti-dip slopes with the thickness ratio of adjacent rock strata. Jiang et al. (2016) divided the damage of anti-dip rock slopes into three main stages: bending, bending cracking, and fracture cracking.
Many factors affect the tipping deformation of rocky slopes, and the research results also have specific reference values. Most scholars mainly analyze the overall stability of anti-dip rock slopes through theoretical analysis, physical model tests, and numerical simulation, and analyze the deformation evolution characteristics of rocky slopes as a whole (Gschwind et al., 2019; Martino et al., 2020; Wang et al., 2020; Tang et al., 2022; Liang et al., 2022; Zheng et al., 2022; Lei et al., 2022; Wang et al., 2020; Wang et al., 2023; Ren et al., 2023). However, the actual monitoring data show that the deformation evolution characteristics of anti-dip rock slopes vary significantly in different areas and have different geological geometric characteristics. Therefore, this paper takes the typical anti-dip rock slope as the research object. Based on field investigation, it takes the lithology, slope, and elevation of the rock slope as the characteristic geological factors and analyzes its spatial distribution characteristics (Wang et al., 2022; Wu et al., 2022). Based on the discrete actual displacement monitoring data, the evolution nephogram of toppling displacement of rock slope is obtained by Inverse Distance Weight method, and the Spatiotemporal evolution nephogram of displacement is superimposed with geological and geometric characteristics. This study explores the geometric characteristics of the anti-dip rock slope and its displacement superposition evolution characteristics, which can provide a reference for similar engineering examples.
2 PROJECT OVERVIEW
Xiaodongcao-Zhengjiadagou bank slope is located on the right bank of the upper reaches of Xixi River, Zhongliang Township, Wuxi County, Chongqing (Figure 1), 1.2 km from Zhongliang Reservoir (Figure 1), with the elevation of the bank slope ranging from 540 m to 1,183 m and the width of 700 m; the overall topography of the bank slope is steep, the slope aspect is 345°, the vegetation in the area is developed, the front part of the topography is steep, the topography slope angle is 45°–68°, and the back part of the topography is relatively gentle, the topography slope angle is 11°–18°, and the local section can reach 37°. The topographic characteristics of the bank slope are mainly controlled by lithology and geological structure. According to the field geological survey and engineering investigation, it is revealed that the rock mass of the bank slope is mainly composed of the Lower Triassic Jialingjiang Formation (T1j) and Daye Formation (T1d); among them, Jialingjiang Formation (T1j) is a medium-thick laminated dolomitic tuff, mainly distributed in the middle and front part of the bank slope, mainly subject to shear stress. The rock structure is relatively complete, but the local weathering is substantial. The Daye Formation (T1d) is a thin and medium-thick laminated marl tuff, mainly distributed in the middle and posterior part of the bank slope, which is in the area of obvious tensile stress during the bending and tipping deformation, so the rock structure is broken, and the bending and tipping deformation of the rock layer is obvious (Figure 2).
[image: Figure 1]FIGURE 1 | The whole landscape of the bank slope.
[image: Figure 2]FIGURE 2 | Distribution and geological section of exposed rock and soil on bank slope.
The surface displacement monitoring system mainly consists of 22 surface displacement monitoring points evenly distributed throughout the study area, including 17 monitoring points on the bank slope body and five outside the bank slope boundary; the surface displacement monitoring time was from December 2012 to December 2016. The monitoring system was divided into five transverse and three longitudinal profiles based on their arrangement characteristics. After the reservoir completion, the water level was raised by nearly 100 m compared with the original, and the deformation of the front and trailing edge of the bank slope was more pronounced. The surface of the trailing edge showed obvious pulling cracks, which seriously threatened the life safety of the downstream residents (Figure 3).
[image: Figure 3]FIGURE 3 | Plane layout of surface displacement monitoring.
3 ANALYSIS OF BANK GEOMETRIC CHARACTERISTICS ZONING
3.1 Analysis of geometric characteristics factor
The geometric characteristics of the bank slope area were analyzed by ArcGIS, and the distribution characteristics of stratigraphic lithology, slope, and elevation in the bank slope area were obtained. As can be seen from Figure 4, the front part of the bank slope is steep, except for the rear part, which is relatively gentle (0°–27°); most of the other areas have a slope angle greater than 44°, the slope body gully is developed, the gully is “V"-shaped, with significant differences in topographic relief. The Lower Triassic Jialingjiang Formation (T1j) is located in the front to the middle of the bank slope, and the Daye Formation (T1d) is located at the rear edge of the bank slope.
[image: Figure 4]FIGURE 4 | Lithology, slope, and elevation distribution map.
3.2 Geometric characteristics superposition
The lithology, slope, and elevation raster layers were reclassified, and the lithology was assigned to the hundreds digit, slope to the tens digit, and elevation to the single digit by the Spatial Analyst tool of GIS. The geological geometry of the bank slope was performed according to the Jenks Natural Breaks Classification (Table 1), and the bank slope was finally divided into 35 characteristic partitions (Figure 5).
TABLE 1 | Bank slope geological zoning basis.
[image: Table 1][image: Figure 5]FIGURE 5 | Geologic geometric displacement superimposed partition map.
3.3 Analysis of geometric superposition characteristics
The geological geometric displacement superposition partition map can be divided into 35 characteristic partitions by GIS raster calculation, with a total area of 97039.01 m2. Among them, the characteristic partition area with an area greater than 2000 m2 accounts for 85.04% of the total area, and the largest characteristics partition is the 142nd (Figure 6).
[image: Figure 6]FIGURE 6 | Bank slope geological geometric partitioning unit area of statistical results.
4 ANALYSIS OF THE EVOLUTIONARY CHARACTERISTICS OF DISPLACEMENT NEPHOGRAM
The Inverse Distance Weight method was used to interpolate the displacement deformations of the bank slope surface monitoring points. The displacements were classified into nine categories by the Jenks Natural Breaks Classification. The horizontal displacement deformation nephogram, vertical displacement deformation nephogram, and total displacement deformation nephogram were interpolated every 6 months.
4.1 Analysis of the evolution of horizontal displacement nephogram
The temporal and spatial evolution nephogram of the horizontal displacement of the bank slope below (Figure 7) shows that the bank slope’s obvious area of horizontal displacement deformation mainly appears in the front and middle of the bank slope. The maximum horizontal displacement appears in the front of the bank slope, mainly distributed in a dotted shape and a strip distribution in the middle. With time, it can be seen from the evolution nephogram that the horizontal displacement deformation in the middle increases significantly and gradually expands to the right side, and the horizontal displacement on the right side of the middle is significantly larger than that on the left side. The area with horizontal displacement deformation greater than 150 mm is the obvious area of horizontal displacement deformation. As shown in Figure 8, the obvious area of horizontal displacement deformation increases and decreases with time, reaching a maximum of 20780.38 m2 in June 2016, and then the deformation of the middle displacement gradually weakens and changes to the right side of the front, gradually fading to point. The horizontal displacement of the middle strip deformation area and the front point deformation area alternately control the evolutionary law of tipping deformation of the anti-dip rock slope, where shear deformation mainly occurs.
[image: Figure 7]FIGURE 7 | Spatial and temporal evolution nephogram of horizontal displacement (mm).
[image: Figure 8]FIGURE 8 | Area of horizontal displacement strong deformation zone.
4.2 Analysis of the evolution of vertical displacement nephogram
The temporal and spatial evolution nephogram of the vertical displacement of the bank slope below (Figure 9) shows that the obvious area of vertical displacement deformation mainly occurs in the front of the bank slope and the back edge of the bank slope. The maximum vertical displacement occurs in the middle area of the front of the bank slope and the trailing edge of the bank slope and is dotted. The vertical displacement change in the middle of the bank slope is the smallest. With time, the deformation of the front and back edges became more pronounced and gradually increased. The trailing edge of the bank slope mainly occurs in vertical deformation, corresponding to the evolution law of toppling deformation.
[image: Figure 9]FIGURE 9 | Spatial and temporal evolution nephogram of vertical displacement.
The vertical displacement of the front of the bank slope gradually increases overall. It gradually expands from the middle to the left and right sides, and the front middle of the bank slope and the change of vertical displacement on the left side is more evident than on the right side. The change of vertical displacement in the middle and rear part of the bank slope and the rear edge is more pronounced, with a point-like distribution, and gradually increases with time. The area with vertical displacement less than −80 mm is defined as the obvious area of vertical displacement deformation (Figure 10). In June 2016, the area of the strong deformation zone reached a maximum of 30592.39 m2. The evolutionary characteristics of the vertical displacement in the middle of the bank slope were not prominent, and the change in the right side of the middle was small; it showed the anti-dip evolutionary characteristics of the bank slope.
[image: Figure 10]FIGURE 10 | Area of strong deformation zone in the vertical direction.
4.3 Analysis of the evolution of the total displacement nephogram
The temporal and spatial evolution nephogram of the total displacement of the bank slope below (Figure 11) shows that the total displacement and horizontal displacement deformation are relatively similar, with the maximum total displacement mainly occurring in the front of the bank slope, with a point-like distribution. With time, the total displacement deformation in the middle gradually increases. As can be seen from Figure 12, the area of the total displacement strong deformation zone reached a maximum of 35057.62553 m2 in June 2016 and expanded from the front to the middle of the bank slope, and the deformation of the right side of the middle was significantly more significant than the left side; the tipping deformation was dominated by horizontal displacement changes, and the horizontal displacement deformation was significantly more significant than the vertical displacement changes.
[image: Figure 11]FIGURE 11 | Spatial and temporal evolution nephogram of total displacement.
[image: Figure 12]FIGURE 12 | Area of strong deformation zone in total direction.
5 ANALYSIS OF DISPLACEMENT SUPERPOSITION CHARACTERISTICS
Based on geological geometric superposition, the horizontal displacement nephogram, vertical displacement nephogram, and total displacement nephogram of the later interpolation are assigned to the thousands digit, and the displacement geometric superposition characteristics partition based on the geological geometric partition is obtained. The displacement strong deformation zone and the most prone area of the bank slope are analyzed.
5.1 Analysis of geometric superposition characteristics of horizontal displacement
The horizontal displacement is reclassified into three categories 17 mm–103 mm as the weak deformation zone, 104–146 mm as the medium deformation zone, 147 mm–255 mm as the strong deformation zone, and the horizontal displacement is superimposed with geological geometry to get the horizontal displacement geometry superimposed characteristics zone, which is divided into 88 characteristics partitions (Figure 13).
[image: Figure 13]FIGURE 13 | Superposition of displacement geometric characteristics.
The area of each horizontal displacement geometric superposition characteristics partition was counted by GIS (Figure 14). The characteristics partition with a strong deformation area larger than 1,500 m2 was selected as the horizontal displacement strong deformation partition. Among them, the horizontal displacement strong deformation partition with the largest strong deformation area is the 141th partition, whose strong deformation area is 7,311.724 m2, accounting for 72.29% of the 141th partition. This characteristic partition is located in the Jialingjiang Formation (T1j), medium slope, and bottom elevation. The horizontal displacement-prone partition is the 154th partition, 97.95% of which is the strong deformation zone, and the strong deformation area is 1779.01 m2. This characteristic partition is located at the boundary between Jialingjiang Formation (T1j) and Daye Formation (T1d), high slope and medium elevation.
[image: Figure 14]FIGURE 14 | The ratio of the area of strong deformation of horizontal displacement and its characteristic area.
5.2 Analysis of geometric superposition characteristics of vertical displacement
The area of each vertical displacement geometric superposition characteristics partition was counted by GIS (Figure 15). The characteristics partition with a strong deformation area larger than 1,500 m2 was selected as the vertical displacement strong deformation partition. Among them, the vertical displacement strong deformation partition with the largest strong deformation area is the 141th partition, whose strong deformation area is 6,832.61 m2, accounting for 68.16% of the 141th partition. This characteristic partition is located in the Jialingjiang Formation (T1j), medium slope, and bottom elevation. The vertical displacement-prone partitions are the 154th and 14fourth, 100% of which are strong deformation zones. They are located at the boundary between Jialingjiang Formation (T1j) and Daye Formation (T1d), with a high slope and medium elevation.
[image: Figure 15]FIGURE 15 | The ratio of the area of strong deformation of vertical displacement and its characteristic area.
5.3 Analysis of geometric superposition characteristics of total displacement
The area of each total displacement geometric superposition characteristics partition was counted by GIS (Figure 16). The characteristics partition with a strong deformation area larger than 1,500 m2 was selected as the total displacement strong deformation partition. Among them, the total displacement strong deformation partition with the largest strong deformation area is the 132nd partition, whose strong deformation area is 6,832.61 m2, accounting for 81.61% of the 132nd partition. This characteristic partition is located in the Jialingjiang Formation (T1j), medium slope, and bottom elevation. The total displacement-prone partition is the 235th partition, 96.21% of which is the strong deformation zone. This characteristic partition is located at the boundary between Jialingjiang Formation (T1j) and Daye Formation (T1d), high slope and medium elevation.
[image: Figure 16]FIGURE 16 | The ratio of the area of strong deformation of total displacement and its characteristic area.
6 CONCLUSION
Based on the analysis of typical anti-dip layered rock slope cases, based on discrete surface displacement monitoring data and combined with different geological zones, this paper explores the real evolution law of toppling deformation in each zone. It can reference similar anti-dip slope monitoring, early warning, and prevention. The main results are as follows.
(1) The geometric characteristics overlay was obtained by superimposing geometric factors such as lithology, slope, and elevation of the bank slope strata through ArcGIS raster calculation. It was divided into 35 characteristics partitions with an area of 97039.01 m2. The characteristics partition with the largest superimposed area is the 142nd partition, located in the Lower Triassic Daye Formation, bottom elevation, medium slope.
(2) The analysis of evolution characteristics of horizontal displacement nephogram, vertical displacement nephogram, and total displacement nephogram shows that the obvious zone of horizontal displacement deformation mainly occurs in the front and middle of the bank slope and is dominated by shear deformation, the vertical displacement is mainly in the front of the bank slope and the back edge, the total displacement deformation is more similar to the horizontal displacement, the horizontal displacement value is larger than the vertical displacement value, and the horizontal displacement deformation controls the overall toppling deformation of the bank slope.
(3) Based on the geological geometric superposition, the displacement nephogram of the last interpolation is overlaid with it. The results show that: the strong deformation partition of horizontal and vertical displacement is the 141th partition, and the strong deformation zone of total displacement is the 132nd partition. The horizontal displacement-prone area is the 154th partition, the vertical displacement-prone area is the 154th and fourth partition, and the total displacement-prone area is the 235 partition.
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To study the characteristics of tensile cracking by rock-bending damage, the bending stress–strain curves and the cumulative ringing counts were obtained by a three-point bending test and acoustic emission (AE) monitoring of limestone beams. Based on the Lemaitre strain equivalent principle and the continuous damage theory, the bending damage variable D was defined by the AE cumulative ringing counts, and the bending crack damage evolution equation was established according to the Weibull distribution of the rock element strength. To realize the numerical test of the bending deformation, the damage variable D was used as the intermediate variable, and the specific process of damage bending stress transformation and the realization of the tensile crack criterion were secondary developed by FISH language in FLAC3D. According to the results, the central part of rock beam deforms downward under the action of bending stress, and both ends tilt up. Therefore, the bending failure begins with the tensile crack at the bottom of the rock beam and gradually extends to the compression zone. The maximum damage value is about 0.402 before the peak stress. The compressive stress in the x direction increases from the neutral layer to the top of the rock beam, and the tensile stress in the x direction increases from the neutral layer to the bottom of the rock beam. The maximum tensile stress is distributed in the center of the bottom of the specimen, where the bending effect is obvious. The stress–time curve was divided into the (Ⅰ) compaction stage, (Ⅱ) expansion stage, and (Ⅲ) penetration stage, accordingly, and the evolution of damage equation was divided into three stages: initial damage stage, slow damage stage, and accelerated damage stage. The curves of the experimental result, theoretical model prediction result, and numerical simulation result were in good agreement with each other, which indicates that the numerical simulation based on the criterion of rock damaged fracture can better reflect the bending process of rock beams under three-point bending stress.
Keywords: limestone, three point bending test, damaged fracture criterion, numerical simulation, AE
HIGHLIGHTS

• The bending damage variable D was defined by the AE cumulative ringing counts, which can be divided into three stages during the whole loading and increases rapidly after 80% peak stress.
• The element stress of the section of the rock beam was converted into the bending stress, used to establish the damaged fracture criterion.
• The damage zone and bending stress distribution were obtained by FISH language in FLAC3D for secondary development of the numerical test.
1 INTRODUCTION
Rock is usually placed in a compressive state as a kind of geotechnical engineering material, which attracts research attention of many scholars to the rock compressive strength (Liao et al., 2019). However, in some cases, the bending tensile failure of rock is the dominating mode of engineering instability and failure (Andreev, 1991; Zhang, 1994; Cai et al., 2001; Pine et al., 2007), such as the bending failure in the horizontal roof plate of underground cavities and tunnels (Guan et al., 2012), the slide-bending failure in the bedding rock slope (Yang et al., 2022), the crooked-toppling failure in the anti-dip layered rock slope, and a buckling failure in the vertical rock slope (Zhang, 1994). Because of the important engineering application value of bending tensile failure of rock, much research has been conducted. ASTM International (2008) proposed some methods, including compact tension and three-point bending, to test the bending strength of materials. ISRM (1978) proposed the test standards of direct tension and Brazilian splitting. Pandey and Singh (1986) studied deformation of rock in different tensile tests. Meanwhile, the acoustic emission (AE) technique, a kind of useful means to monitor the development and evolution of microcracks during rock deformation, is widely used in rock damage analysis (Liu B. X. et al., 2009; Tian et al., 2022). Extensive information can be reflected by AE signals, including the evolution process (Pei et al., 2013), the mechanism of failure (Aggelis et al., 2013; Zhou et al., 2019; Gan et al., 2020), and the quantification and location of damage (Liu Y. M. et al., 2009; Tian et al., 2020). Therefore, many scholars have studied the evolution of microcracks in rock during bending failure through AE monitoring. Zeng (2015) studied the AE characteristics of sandstone under three-point bending and analyzed the influencing factors of damage. Deng et al. (2016) studied the influence of grain size and AE characteristics through a three-point bending test. Lacidogna et al. (2018) conducted a three-point bending test on pre-slotted concrete beam specimens and used the AE technique to monitor the crack growth process. Prem and Murthy (2016) applied the AE technique to study the damage mechanism of the reinforced concrete beams under a bending test.
Some theories have also been proposed regarding bending tensile failure, along with deeper research. One of them is the fracture mechanics theory, which focuses on the change laws of crack propagation, damage characteristics, stress intensity factor, and the fracture toughness of rock beams with prefabricated cracks under vertical load. Atkinson (1992) published the first monograph on rock fracture mechanics in 1987, which expanded a new direction for rock mechanics. Lu et al. (2021) conducted a three-point bending test on granite and marble with different prefabricated crack methods and lengths. Li et al. (2018) conducted a three-point bending test on a sandstone specimen with a perpendicular crack surface. Zuo et al. (2017) studied the influence of temperature, buried depth, and offset notch on the tensile fracture characteristics of rock mass through a three-point bending test. The other theory is about material mechanics or structural mechanics, and it focuses on the influencing factors of the bending strength and tensile modulus of rock materials and the bending failure mechanism. Yao et al. (2018) proposed a two-parameter tensile strength model for rocks based on the successful application of the non-local theory and the three-point bending test. Francesco et al. (2019) combined the AE monitoring and the non-local integral plastic damage constitutive theory to simulate and analyze the bending fracture process of Adelaide black granite. Zuo et al. (2013), Zuo et al. (2015) established an anisotropic model of layered rock mass reflecting transverse isotropy and a criterion for bending failure mode.
However, the previous research was mainly based on the plat and beam model or basic theories of fracture mechanics and material mechanics, focusing on the research of crack propagation, energy accumulation, and dissipation, etc., and explaining the phenomenon mechanism in the process of testing. It gave little consideration to the damage and parameter deterioration in the deformation process of rock beam, and the mechanical theory is not strong in guiding the numerical simulation. Therefore, in this work, based on the Weibull distribution function of micro-element strength, the bending damage evolution equation of limestone beam is established, and the damage and parameter deterioration in the deformation process of rock beam are considered. Then, the bending stress yield criterion is used as the damage and bending crack criterion of the rock beam, and the damage variable D is used as the intermediate variable to conduct the bending numerical test of the rock beam. The specific process of the calculation of damage bending stress and the realization of the tension crack criterion is compiled with the inbuilt FISH language of FLAC3D. The research results are helpful to understand the bending deformation characteristics and failure mechanism of limestone beam.
2 EXPERIMENTAL WORK
2.1 Specimens and instruments
As shown in Figure 1A, the limestone beam specimens were taken from the same site and were made into six rectangular solid beams of 60 cm in length, 10 cm in width, and 10 cm in height. The testing system, as shown in Figure 1, included an electro-hydraulic servo universal mechanics testing system (Figure 1B), AE monitoring system (Figure 1C), and strain monitoring system (Figure 1D).
[image: Figure 1]FIGURE 1 | Testing system: (A) rock beams specimens, (B) universal mechanics testing system, (C) AE monitoring system, (D) strain monitoring system.
2.2 Test methods

1) The rock beams were wiped with fine sandpaper to polish their surfaces, and the strain gauges were pasted on the side and bottom of the rock beams smoothly. As shown in Figure 1D, strain gauge 3 was located at the side central axis of the rock beams, and the intervals among strain gauges 1 to 5 were 15 mm. Strain gauge 6 was located at the middle bottom of the beams. The beams with strain gauges were left in a ventilated environment for 4–5 h.
2) The six strain gauges were connected to the corresponding channels of the static strain data acquisition instrument, and at the same time, another strain gauge located on the spare rock was connected to the temperature compensation channel of the strain acquisition instrument to make a temperature compensation for the test.
3) Fixing the eight AE sensors at the selected point on the rock beams with rubber bands, the vacuum silicone grease was used to couple the rock beams and the AE sensor. The location of the strain gauges and AE sensors are shown in Figure 2A. The peak definition time (PDT), hit definition time (HDT), and hit locking time (HLT) were set as 50, 200, and 300 μs, respectively. The threshold for AE detection was set to 40 dB.
4) After the preparatory work was completed, the limestone beams were loaded to failure with a rate of 0.002 mm/s under AE and strain monitoring. The fractured limestone beam is shown in Figure 2B.
[image: Figure 2]FIGURE 2 | (A) The prepared limestone beam, (B) the fractured limestone beam.
3 RESULTS AND ANALYSIS
3.1 Test result
3.1.1 Load–displacement curve
Figure 3 shows the relationship between the load and mid-span vertical displacement of the rock beam. As can be directly seen in Figure 3, the load–displacement curves are convex.
[image: Figure 3]FIGURE 3 | Load–displacement curves in three-point bending test.
Because the failure of rock is closely related to the evolution of internal microcracks, the load–displacement curves can be divided into three stages from the analysis of the evolution of internal microcracks: (I) microcracks compaction stage, (II) microcracks expansion stage, and (III) microcracks penetration stage. Taking the curve of KW1-5 as an example from Figure 3
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Deep learning (DL) model

Based on rough set theory and
LSTM (Qu et al,, 2019)

Application

Concrete dam

Deformation

Adv.

age

Highest value based on accuracy, robustness, externality,
and generalization; multipoint prediction

itations

Result depend upon choice of inputs,
and is noise sensitive

LSTM-based deep learning
technique (Yang D. S. et al., 2020)

Concrete double-curved arch dam

Deformation

Evaluated operation behavior of dams under different
environmental factors; high accuracy

‘The suitable inputs are difficult to
determine; single point prediction

Usinga mixed attention mechanism
and LSTM model (Ren et al, 2021)

Concrete gravity dam

Displacement

Flexible and capable for adapting to highly complex
interactions between the variables; accurately predicted
the displacement behavior

Can result in inaccurate prediction
due to anomaly; over-ftting in some
cases

Using various DL and transfer
learning techniques (Li et al., 2022)

High concrete parabolic double-
curvature arch dam; Deformation

Can be applied in case of missing data, can model
complex non-linear relationships; high accuracy and
robustness

The input environment variables are
excessive

Based on the CNN-GRU Model
(Hua et al, 2023)

Concrete gravity dam; Uplift
pressure

Improves the utilization rate of dam safety monitoring
results

Over-fitting and single point
prediction

Based on combined CNN and
LSTM in parallel (This paper)

Earth dam and rockfill dam

Seepage field

Multi-target prediction with high accuracy and efficiency,
avoiding over-ftting; Simple operation and reliable
precision

Suitable for normal operation period,
other periods need to reverify
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Rock and soil Soil layer Bulk density Elastic Poisson Cohesion Internal friction
mass thickness (m) (kNem™3) modulus (GPa) ratio (MPa) angle ()
artificial fill 2 18 0010 03 0020 1785
Silty clay 6 21 0025 03 0020 1955
Gneiss V, 6-14 26 10 022 02 40
Gneiss V, 24-55 2 10 022 02 40
Gneiss V3 24-55 26 10 022 02 40
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Model Orientation x for Average dip- Average dips of Radius Radius standard Coefficient of

distribution Fisher directions of the the three mean (u) deviation(o) variation (C,)
three groups () groups ()
1 Fisher 20 180/90/360 89/89/1 325 0/0.1/0.25/0.5/0.75/1 0/0.03/0.08/0.15/
023/031
‘ 1 1 1 1
1 Fisher 20 180/90/360 89/89/1 15 0/0.1/02/03/0.4/05 0/0.07/0.13/0.2/
027/033
1 Fisher 20 180/90/360 89/89/1 75 0/0.1/1/15/2/25 0/0.01/0.13/0.2/
0271033
| ] ] |
w Fisher 20 180/90/360 89/89/1 325 0/0.1/0.25/0.5/0.75/1 0/0.03/0.08/0.15/
023/031
v Fisher 20 180/90/360 89/89/1 15 0/0.1/0.2/0.3/0.4/0.5 0/0.07/0.13/0.2/
027/0.33
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01592 0079 00531 00215 00159 00080 00053 00021 00016 00008 00005
02829 o415 00943 00135 00283 001 00094 00044 0008 00014 00009

Medium (MP2) | 0.6366 03183 022 00979 00637 008 00212 00098 00061 00032 00021

D-1om

Medium (MP1) | 15068 0754 05023 02318 01507 00753 00502 o022 00151 00075 00050

D=65m

Low (LP2) 70736 35368 23579 10882 0707 03537 02358 01088 007 00351 0026

Low (LP) 159155 79577 53052 24485 15915 07958 0535 02149 01592 0079 00531

D-20m
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Material In-situ moisture content (%) Maximum dry density Liquid limits Plastic limit

Ultrafine tailings 23 1.93 g/em* 44.65% 36.70% ‘

Slag 16.8 161 g/em® - - ‘
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Slag content (%)

Dry density (g/em®) 161 165 170 175 1.80 1.85 1.81 1.85

Compression coefficient a, (MPa™') 031 027 0.30 023 024 029 027 025 ‘

Permeability coefficient (10 cm/s) 0.09 0.15 0.18 017 021 1.63 202 423 ‘
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Slag content (%) Shear strength (kPa) Internal friction angle ¢ () Cohesion ¢ (kPa)

100 200
0 24525 460.18 655.62 3043 ‘ 1240
10 284.50 477.33 703.16 3077 ‘ 19.70
20 455.58 789.05 1,131.20 3891 ‘ 27.80
30 600.72 972.10 1,340.93 40.48 ‘ 5330
690.54 908.22 1,385.60 39.90 ‘ 65.20
798.37 1,280.10 1770.30 45.10 ‘ 6420
735.36 123020 1738.90 45.64 ‘ 47.10

70 915.60 1,119.90 1866.40 45.97
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Slag grain
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Constitutive model Blastic Blastic Rigid ‘
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Dry-wet cycle n 0=200 kPa 0=400 kPa 0=600 kPa

/kPa G 1/kPa 1/kPa 8/%
0 198.37 0 302.16 0 427.54 0 | s 0
1 142.18 2833 | 237.46 2141 35217 17.63 461.09 1474
2 12298 3801 21597 2852 331.92 2237 43499 19.57
4 | 11005 4452 203.17 3276 305.49 | 2855 40231 2561
6 10528 693 195.95 s 29302 3125 387.87 2828
8 | 97.99 5061 189.36 [ 733 28144 | M7 36909 3174
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Groundwater balance elements Variations (%)

1990-2000 2000-2015 1990-2015
Groundwater recharge Precipitation infiltration -429 -17.92 =
River recharge -1049 -2991 -37.26
Channel recharge -8.62 -34.93 -4053
Reservoir recharge -1081 s -56.58
Field irrigation 155.56 28842 | so264
Lateral runoff recharge [ 6.38 [ 36.04 | 4472
Groundwater discharge Evaporation discharge e 1576 93.64
Spring outflow -7.76 | sess -59.76
Antificial extraction 198.00 ez 1995.60
Lateral drainage -003 | 36 -2138
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1990

2000

2015

Cultivated land  Forestland Grassland Waterbody Construction land Unused land  Net change

Cultivated land | 0.00 1544 8265 -881 [ -s6s 6036 14399
Forest land ~1544 000 679 0.40 -083 010 -897

| Grasshnd 8265 67 0.00 -974 -991 80.58 -2851
Waterbody 881 ~040 974 0.00 092 -0.96 18.10
Construction land | 5.65 083 991 | os2 000 097 163
Unused land 6036 010 8058 096 -097 000 ~141.04
Cultivated land | 0.00 1509 62.11 -390 -1827 8487 13990
Forest land ~1509 0.00 241 -024 -082 -001 -1375
Grassland -62.11 -241 0.00 -9.66 ~16.00 12824 38.06
Waterbody 3.9 om o6 0.00 019 647 2045
Construction land | 18.27 082 1600 -0.19 “os0 298 37.89
Unused land 8487 001 -12824 647 -298 000 -22255
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Land utilization degree composite index

Land utilization degree variation

1990 2000 2015 1990-2015 2000-2015
Cultivated land 176.86 17753 200.42 2356 2289
Forest land 258 | 310 [ 1.60 -0.98 -150
Grassland 3775 3048 3464 -3.11 415
Waterbody 228 20 425 1.98 223
Construction land 2247 179 26.06 358 | 826
Unused land 14.13 18.57 | 644 ~7.69 -12.14
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Type

Grade

Partition number

logy Slope/’ Elevation/m
1: Lower Triassic Daye Formation (T1d) 1:0-27 1:620-725
2: Lower Triassic Jialingjiang Formation (T1j) 228-44 2:726-840
3:45-57 3: 841-954
4:58-67 4: 955-1,059
5: 68-90 5: 1,060-1,180
Hundreds digit Tens digit Single digit
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a,/MPa Occurrence time Thermal infrared precursors versus AE

Thermal imaging (s)  AE ringing (s)  AE energy (s)

10 55 24 23 ‘Thermal images are 18.5 s later than ringing and 17.5 s later than energy
20 7 44 45 ‘Thermal images are 37 s later than ringing and 38 s later than energy
40 9 51 51 ‘Thermal images are 42 s later than ringing and 42 s later than energy

60 13 74 85 ‘Thermal image 61 s later than ringing and 72 s later than energy
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Different periods of AE Duration time Changes in time

20 MPa 40 MPa

(s) (s)
Ringing count rate 1 quiet period 276 400 452 474 Periods Iand I1and IV become longer as o, increases, and Period
111 changes discretely
1I frequent period 24 44 51 74
Il sudden 8 5 4 9
increase period
1V decrease period 40 59 93 180
Absolute Energy 1 quiet period 277 399 452 463 Periods 1and I1, IV all increase with 65, with no specific pattern
in period IIL
11 frequent period 23 45 51 85
111 sudden 8 6 3 15
increase period
1V decrease period 40 58 94 174
Cumulative ringing | A pre-unloading 173 263 259 287 The sudden increase period C and decrease period D grow with
count rate period increasing 0y, and periods A and B show poor changing
T 