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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.
Keywords: ultrafine tailings, municipal solid waste, incineration slag, tailings-slag mixture (TSM), macro- and micro-mechanical characteristics
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.
Keywords: erosion-entrainment, SPH-DEM-FEM, rigid barrier, debris flow-induced impacting, dynamic response analysis
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).
Keywords: dispersion of fracture sizes, normal distribution, representative elementary volume, blockiness, rock masses, the numerical model
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]
[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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Rockburst disasters always have a great influence on engineering practice. In order to accurately predict the occurrence of rockburst hazards, this paper proposes a rockburst rating evaluation method based on principal component analysis (PCA) and the catastrophe progression method, taking into account several influencing factors. In this paper, 15 indicators, such as strength brittleness factor (R), stress factor (P), and rock quality index (RQD) (reflecting the strength and fragmentation degree of rock mass), were selected from seven samples and were analyzed and downscaled by principal component analysis. Combined with the catastrophe progression method, each layer index was dimensionless and normalized to determine the mutation level value of each layer. Based on the principle of complementarity or non-complementarity, to determine the total mutation level value, the layer index was used to divide the rockblast-level interval and predict the rockblast level. The results show that the method proposed in this paper can be used to not only distinguish the importance of each of the same level of indicators but also avoid the impact of superimposed factor correlations between the same level of indicators, making the results more objective. This paper presents accurate rock explosion assessment results and an actual engineering situation. The number of factors affecting the assessment of the rock explosion level provides new insights.
Keywords: principal component analysis, catastrophe progression method, rockburst classification, prediction, multi-factor, predictive models
1 INTRODUCTION
Many engineering geological disasters have been encountered in modern engineering, such as tailings dam break (Wang et al., 2022a; Wang et al., 2022b; Wang et al., 2019; Lin et al., 2022) and rockburst. A rockburst is a complex rock destabilization phenomenon affected by a variety of factors. A rockburst occurs with a strong destructive force, and rockburst hazards occur with sudden changes. During underground excavation, in a high-stress environment, the sudden unloading of energy from hard rocks can lead to the ejection of peripheral rocks, causing serious damage to equipment and engineers (Rehman et al., 2021). The severity of damage caused by rockbursts can be affected by factors such as excavation depth and stress levels (Naji et al., 2019), and the prediction of rockburst hazards becomes particularly important.
Rockburst hazard predictions can be broadly divided into two types—single-indicator and multiple-indicator—while the prediction of indicators of multiple factors can determine various factors of rockburst occurrence, making the discrimination more comprehensive. Using the maximum shear stress in the surrounding rock, uniaxial compressive strength and six other indicators were combined with the principles of the principal component analysis and probabilistic neural network analysis of multiple rockburst cases to predict the level of rock bursts (WU et al., 2018). Considering the fuzzy nature of rockburst grading predictions, combined with an SOFM (self-organizing feature mapping) neural network, a rockburst prediction model was established (YANG et al., 2021). CNNs (convolutional neural networks) were combined with LSTM (long short-term memory) to first predict the future state of the rockburst indicator eigenvolume, and this was then combined with the particle swarm algorithm to optimize the generalized neural network to predict the future state of the rockburst level (LIU et al., 2021a). Principal component analysis and the fuzzy integrated evaluation method were used for rockburst prediction (PU et al., 2018). These methods are multi-indicator rockburst comprehensive evaluation methods that take into account uncertainties in rockburst predictions, and they include the interval fuzzy comprehensive evaluation method (WANG et al., 2019), fuzzy object element model (WANG et al., 2015), and attribute recognition model (He et al., 2020). There are also some better but not used methods for rockburst prediction such as real-time prediction using GA-BP neural networks (Wu et al., 2022).
In summary, numerous researchers have refined the theory of rockburst predictions from different perspectives. However, most of the existing literature on rockburst predictions only takes into account a few factors affecting the occurrence of rockbursts or only takes into account the random nature of the occurrence of rockbursts and does not combine this irregularity and the occurrence of a variety of factors affecting rockburst hazards, so rockburst predictions are limited. As the occurrence of rockbursts is usually irregular and uncertain, and there is a certain degree of ambiguity and randomness in the process of taking and evaluating rockburst indicators (LIANG and Guoyan, 2021), rockburst predictions should be combined with the conditions of rockburst occurrences and the problem of non-linearity of data between samples and indicators. The catastrophe progression method cited in this paper does not need to assign weights to the indicators, which greatly reduces the subjectivity of the judging system and makes the results more scientific; but the catastrophe progression method does need to differentiate the importance of indicators at the same level, so this paper uses principal component analysis to assist in the evaluation. The catastrophe progression method mostly uses a low-dimensional data model, and under the influence of multiple indicators, the dimensionality of indicators is reduced by principal component analysis, and the dimensionality is reduced to several composite variables to replace the original multiple variables, so as to meet the needs of the catastrophe progression method model, ensuring more objective results.
2 PRINCIPLE OF THE METHOD
2.1 Principal component analysis
The occurrence of rock blasts is subject to a variety of factors acting together. As a result, the impact of rock blast occurrences is far-reaching. In order to eliminate the impact of superimposed factors between the same level of indicators, so that they are independent of each other while reflecting the information contained in the original data, the number of variables is reduced, but the main information is also highlighted, simplifying the relationship between indicators. Principal component analysis is widely used to reduce the dimensionality of data, mainly using linear algebra methods and theories to discover the most important parts of the data, and is used to replace the original data, so that the original data are moved into a new independent comprehensive dataset (LIU et al., 2021b). That is, a small number of uncorrelated quantities relative to the original data sample carry enough information to reflect the information about the process operating conditions contained in a large number of process variables (LIANG et al., 2016). That is, the potential data aggregation of the predictors can be analyzed by principal component analysis (Wang et al., 2023), as in the following equation:
[image: image]
The basic steps of principal component analysis are as follows:
(1) For the matrix X:
[image: image]
Normalization of the input sample data:
[image: image]
where
[image: image]
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(2) Calculation of the symmetric matrix of correlation coefficients after normalization:
[image: image]
Calculation of correlation coefficients between variables [image: image]:
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(3) Finding the eigenvalues and eigenvectors of R: [image: image], [image: image]
(4) Calculation of the main element:
[image: image]
(5) Calculation of the contribution rate and cumulative contribution rate of each principal component:
[image: image]
[image: image]
2.2 Catastrophe progression method
The catastrophe progression method is a comprehensive evaluation method developed on the basis of mutation theory. Mutation types exist in theory in many ways, but for reasons such as normalization, the values are too small to be ignored when the number of control variables exceeds five (CUI and Shasha, 2022). The catastrophe progression method is based on the potential function, and the evaluation indexes are dimensionless. Each index is then integrated from a low level to a high level, and for the same index, the principle of integrated evaluation is adopted to find out the value of each level affiliation function separately. The total affiliation value is calculated using a normalization formula.
(1) Determination of the mutation model:
The selected target is analyzed to determine the desired mutation model. There are five main models of mutation that are commonly used (Zhang et al., 2018a; Zhang et al., 2018b; LUO et al., 2018), which are shown in Table 1.
(2) Dimensionless processing of parameter indicators:
TABLE 1 | Common mutation models.
[image: Table 1]The comprehensive evaluation indicators can be divided into two types: positive indicators and negative indicators. With positive indicators, the larger the data, the better the predictions will be; with negative indicators, the smaller the data, the better the predictions will be. Positive and negative indicators are calculated as shown in Eqs 11, 12, respectively:
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Here, [image: image] is the dimensionless processed data, [image: image] is the original parameter, and [image: image] and [image: image] are the maximum and minimum values in the sample data of a single variable, respectively.
(3) Calculation of mutation-level values.
The values obtained using the normalization formula for different indicators of the same control variable can take three principles: the principle of complementarity, the principle of non-complementarity, and the principle of complementarity after over-queuing. The first two principles are used in this paper, and the formulas for the principle of complementarity and the principle of non-complementarity are as follows:
[image: image]
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Here, X is the state variable and ([image: image]) is the controlling variable.
2.3 The rockburst evaluation index system
In this paper, 15 variable indicators and seven sets of data are selected from three aspects of lithology conditions, stress conditions, and surrounding rock conditions to construct an evaluation model (LIANG, 2004; JIANG et al., 2010; Qi-tao et al., 2014; Yu, 2016; LI et al., 2020), as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Overall evaluation system.
The main steps of the rockburst evaluation are as follows:
(1) Principal component analysis is used at the same level to reduce the dimensionality of the impact factor indicators while dividing several principal components.
(2) Dimensionless processing of the data is performed, and the desired mutation model is selected according to the number of indicators.
(3) The reduced-dimensional indicators are ranked according to the absolute value of the coefficients of the principal component score matrix and then brought into the mutation model for calculation.
(4) Mutation-level values for each level are calculated to determine the total mutation-level values according to the principles of complementarity and non-complementarity.
(5) The resulting value of the total mutation level is used to divide the rockburst grade interval and compare it with the actual project.
Lithological conditions mainly include strength brittleness factor R, deformation brittleness factor Ku, elastic energy index Wet, rockburst energy ratio η, dynamic DT parameters, linear elastic properties We, and energy storage and consumption index K. Stress conditions mainly include T guidelines, stress coefficient P, and stress index S. Surrounding rock conditions mainly include rockburst strength factor W, rock quality RQD value, rock integrity factor Kv, groundwater category, and surrounding rock type (where the types of surrounding rock were I, II, III, IV, and V, and the groundwater categories were gushing water, line flow, dripping water, and no groundwater).
3 ROCKBURST PREDICTION MODEL BASED ON THE PCA–CATASTROPHE PROGRESSION METHOD
To validate the model, the data of selected indicators are shown in Table 2.
TABLE 2 | Rockburst evaluation indexes of each project.
[image: Table 2]3.1 Rockburst prediction index division and ranking
Taking the stress condition as an example for principal component analysis, the original data were standardized before conducting the principal component analysis. The results are shown in Table 3.
TABLE 3 | Total variance interpretation.
[image: Table 3]Two principal components, F2 and F3, were extracted, generally taking indicators with loadings greater than 0.7, from which it can be concluded that the extracted principal component F2 includes T guidelines and stress index S. Principal component F3 includes stress coefficient P. The ranking of the indicators under the principal components by the magnitude of the absolute value of the coefficients of the principal component score matrix is derived from the principal component F1: T guidelines > stress index S. The numerical results are shown in Tables 4, 5.
TABLE 4 | Component matrix.
[image: Table 4]TABLE 5 | Component score coefficient matrix.
[image: Table 5]Principal component F3 has only one indicator, so sorting is not necessary. The rockburst evaluation system is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Rockburst evaluation system of the principal component analysis–catastrophe progression method.
3.2 Determination of the sudden change level of rockburst predictors

(1) Determination of third-level catastrophe-level values
The determination of the catastrophe-level values first requires dimensionless processing of the raw data. The original data is dimensionless and processed according to Eqs 11, 12. Due to the limited space of the article, this paper selects the indicators of the Tianshengqiao II Hydropower Station Diversion Tunnel to specify the catastrophe-level value method. The processed data are shown in Table 6.
TABLE 6 | Data after dimensionless processing.
[image: Table 6]Normalization of dimensionless processed data: Taking the stress condition as an example, two indicators, T and S, under F2 are used to select the normalized formula for the cusp, and one variable, P, under F3 is used to select the fold:
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The complementarity principle is satisfied under the F2 condition, and catastrophe-level values of F2 are calculated according to Eq. 13:
[image: image]
Only one indicator exists under the F3 condition, from which the mutation level can be derived:
[image: image]
Similarly, calculated under the lithology condition, five indicators exist under the F1 condition, and the normalized formula for the Wigwam is calculated in turn as follows:
[image: image]
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The F1 condition satisfies the principle of complementarity, and the catastrophe-level values in F1 are calculated:
[image: image]
Calculated under the surrounding rock conditions and under the same lithological conditions, there are five indicators, according to the complementary principle, used to calculate the mutation level of F4:
[image: image]
The calculated data for all the indicators of the seven projects are shown in Table 7.
(2) Determination of the second-level catastrophe-level values and first-level catastrophe-level values.
TABLE 7 | Third-level catastrophe-level values of each project.
[image: Table 7]According to the aforementioned calculation process, the second-level catastrophe-level values can be calculated, and the specific data are shown in Table 8.
TABLE 8 | Second-level catastrophe-level values and first-level catastrophe-level values of each project.
[image: Table 8]Under the stress condition, there are two variables, F2 and F3, that need to be accounted for, according to the principle of non-complementarity. The second-level catastrophe-level values are derived according to Eq. 14:
[image: image]
The second-level catastrophe-level values are calculated in the same way for the surrounding rock conditions and lithology conditions. The first-level catastrophe-level values are calculated by applying swallow-tail to lithological conditions, stress conditions, and envelope conditions and can be calculated according to the principle of complementarity:
[image: image]
The first-level catastrophe-level values are calculated by satisfying the complementarity principle:
[image: image]
Table 9 shows the actual grade of the project rock explosion. According to Tables 8, 9, the sample rockburst total mutation-level value (A) is the horizontal coordinate and the actual occurrence level of rockburst is the vertical coordinate. The scatter plot is shown in Figure 3.
TABLE 9 | Sample rockburst actual grade.
[image: Table 9][image: Figure 3]FIGURE 3 | Mutation value and rockburst level relationship.
As shown in Figure 3, rockbursts are divided into four intervals: level I [0, 0.5], level II [0.5, 0.82], level III [0.82, 0.96], and level IV [0.96, 1.00].
4 MODEL TESTING
In order to verify the accuracy of the model, the actual rockblast data on the Baihetan Hydropower Station from the literature (Dong et al., 2018) were brought into the model for verification, and the results are shown in Table 10. It can be seen that the actual rockblast level compared with the sample is consistent.
TABLE 10 | Rockburst level prediction.
[image: Table 10]5 COMPARISON AND DISCUSSION

1 According to the literature (LI et al., 2022), compared to the matter–element extension model rockburst prediction method, although the results of the actual rockburst level of the Baihetan Hydropower Station were validated to be consistent, the method proposed in this paper based on principal component analysis does not use subjective assignment to give the appropriate weight to the influencing factors, but rather a number of variables to reduce the dimensionality of the variables in line with the basic model of the catastrophe progression method. It overcomes subjective thinking and is more convincing.
2 To a certain extent, the method proposed in this paper requires more accurate engineering practice data and data on various factors affecting rock bursts in actual engineering. If the data are incomplete, variations in results arise, so this method has some limitations. In addition to relying on accurate data, it is also necessary to process a large number of data, which will also affect the accuracy of the results in engineering practice.
6 CONCLUSION

1 In this paper, considering various factors affecting rockbursts, the variable dimension reduction based on the principal component analysis method meets the basic model requirements of the catastrophe progression method, and through the combination of the two methods, the defects of general fuzzy algorithm are reduced, the accuracy of calculation results is satisfied objectively, and the subjectivity in data processing is overcome.
2 The seven typical rockburst engineering examples based on this analysis and a comprehensive dataset of rockburst engineering examples to test the feasibility of the improved sudden change level method model for rockburst predictions show that it can be used for rockburst ratings. Finally, the accuracy of the model can be illustrated by establishing four rockburst grade intervals (level I [0, 0.5], level II [0.5, 0.82], level III [0.82, 0.96], and level IV [0.96, 1.00]) based on total mutation grade A.
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Prediction of dam behavior based on monitoring data is important for dam safety and emergency management. It is crucial to analyze and predict the seepage field. Different from the mechanism-based physical models, machine learning models predict directly from data with high accuracy. However, current prediction models are generally based on environmental variables and single measurement point time series. Sometimes point-by-point modeling is used to obtain multi-point prediction values. In order to improve the prediction accuracy and efficiency of the seepage field, a novel multi-target prediction model (MPM) is proposed in which two deep learning methods are integrated into one frame. The MPM model can capture causal temporal features between environmental variables and target values, as well as latent correlation features between different measurement points at each moment. The features of these two parts are put into fully connected layers to establish the mapping relationship between the comprehensive feature vector and the multi-target outputs. Finally, the model is trained for prediction in the framework of a feed-forward neural network using standard back propagation. The MPM model can not only describe the variation pattern of measurement values with the change of load and time, but also reflect the spatial distribution relationship of measurement values. The effectiveness and accuracy of the MPM model are verified by two cases. The proposed MPM model is commonly applicable in prediction of other types of physical fields in dam safety besides the seepage field.
Keywords: seepage field, multi-target prediction model (MPM), temporal features, latent correlation features, soft parameter sharing
1 INTRODUCTION
A dam is a complex and important water retaining structure in the field of hydraulic engineering. Because the dam possesses huge amounts of hydraulic energy, once it is broken, the flood will cause immeasurable damage to the lives and properties of people downstream. It is of great practical importance to know the operational behavior of the dam and predict its development through dam safety monitoring (Wu and Su, 2005; Jeon et al., 2009; Gu et al., 2016).
Two types of methods can be used to establish dam behavior prediction models: physics-driven methods and data-driven methods. Physics-driven methods mainly use finite element method to predict and analyze the physical field of the dam according to the constitutive model based on the physical and mechanical relationships of materials (Gu et al., 2011; Huang and Chen, 2012). The physics-driven methods essentially reveal the operational behavior of the main physical fields of the dam. However, these approaches place high demands on constitutive models, which limits the applicability of such approaches. Data-driven methods, which are based on regression analysis of historical monitoring data and influencing factors can be subdivided into two categories: One is the traditional statistical model (Fanelli, 1975; Bonelli and Royet, 2001; Deng et al., 2007), which is the most frequently used data-driven method in practical engineering applications due to its definite physical meaning and simple application. The statistical model physically explains and predicts dam behavior rules. However, this model needs to establish a functional relationship between effect variables (dependent variables) and influencing factors (independent variables) (Zhu et al., 2019; Liang et al., 2022; Tang et al., 2022) based on mathematical statistics theory. The selection of appropriate independent variables is difficult to determine because the operational behavior of the dam is affected by many complex factors and the influence of different factors on the behavior of the dam is unstable. All these factors lead to low prediction accuracy of the statistical model. The other is the most advanced machine learning method (Su et al., 2000). A more typical method is to use neural networks to establish complex non-linear and time-varying input-output relationships between effect variables and influencing factors. For example, Su et al. (2001) used the fuzzy neural network to establish the functional relationship between the horizontal displacement of the dam crest and water level, temperature, and time effect. Shi et al. (2020) used the radial basis function neural network optimized by the genetic algorithm to predict the seepage discharge of the concrete face rockfill dam. Hou et al. (2022) combined time series decomposition and deep learning to predict the deformation of high embankment dams. Azarafza et al. (2021), Azarafza et al. (2022), and Nikoobakht et al. (2022) have also done much research work based on deep learning to verify its advantages in landslide susceptibility assessment, landslide susceptibility mapping, and prediction of geotechnical features of rock materials. To give a brief summary, Table 1 is presented to describe about deep learning models, along with the application in dam behavior prediction, as well as their advantages and disadvantages. More information can be found in the literatures (Xu et al., 2019; Ren et al., 2021). From these studies, we can conclude that neural networks have a high potential for dam behavior prediction. However, due to the large amount of noise interference in the monitoring data, the prediction accuracy of the model is likely to be low due to overfitting. Moreover, the above data-driven methods are all for the prediction of single measurement point, which cannot well predict the main physical fields of dam behavior with multiple measurement points.
TABLE 1 | A summary of deep learning in dam behavior prediction.
[image: Table 1]The single measurement point prediction model plays an important role in explaining the operation rules of the dam and implementing safety monitoring, but it does not involve the interconnection between multiple measurement points. It only reflects the structural state of the location of single measurement point, which has limitations. Even if multiple single measurement point prediction models are used to obtain predictions of multiple measurement points, the rules described by them are often not consistent and coordinated. Multiple target learning (MTL) (Caruana, 1993) is a modeling method that accounts for latent correlation between target values at multiple measurement points by sharing parameters and simultaneously predicts multiple target values in the physical field by training a model. Training multiple targets in parallel is equivalent to implicitly increasing the amount of training data, which reduces the risk of overfitting and improves the prediction accuracy and efficiency. The main parameter of sharing patterns in MTL models include hard parameter sharing (Caruana, 1993) and soft parameter sharing (Misra et al., 2016; Gao et al., 2019). Hard parameter sharing means that multiple target-specific output layers are maintained and all target values are forced to use the same parameters to obtain a common parameter model. Soft parameter sharing is simpler and more flexible than hard parameter sharing because each target is assigned its own set of parameters and the parameters are partially shared through some mechanism. The main difficulty in developing MTL models is the need to exploit correlations and differences between targets. The initial applications of MTL models for dam behavior prediction include: Yao et al. (2022) performed an improved multi-output support vector machine, and the improved model considered chaos and similarity of displacement series to simultaneously predict displacements of multiple measurement points with the same trend. Chen et al. (2022) proposed a serial model composed of convolutional neural networks and convolutional long short-term memory networks to extract spatial features from multiple measurement values and temporal features in time series in turn, and then simultaneously predict displacements of multiple measurement points. This method focused on statistical rules for target series without environmental variables.
In summary, there is a wealth of theoretical research results for dam behavior prediction models, but less research on the seepage field prediction based on deep learning. Seepage failure is one of the major causes of dam failure (Foster et al., 2000). The analysis and prediction of the seepage field has important implications for dam safety (Deng et al., 2020). The objective of this study is to establish an efficient and accurate the seepage field prediction model for the simultaneous prediction of seepage at multiple measurement points. It is well known that the response of dam seepage field to changes in environmental variables is non-synchronous, and the rules for the temporal development of target values at different measurement points are related to the location of the measurement points. The longer the period and the smaller the variation of target values of points closer to the downstream, while those closer to the upstream are not (i.e., the variation trend of target values at different measurement points is similar but not the same at any one time). When multi-target prediction is performed and hard parameter sharing is applied, it forces the regularity of each measurement point at any time to be consistent, affecting prediction accuracy. Applying soft parameter sharing to learn the differences between target values can effectively improve the learning capacity of the model. Given its strong ability to capture local features for adjacent target values (Krizhevsky et al., 2012), the convolutional neural networks (CNN) model is introduced as the soft parameter sharing layer. Since the temporal variation trends of target values at different measurement points are highly similar and both target values and environmental variables have strong time series characteristics, the long short-term memory networks (LSTM) model, which is superior in processing sequential data, is introduced to extract causal temporal features between environmental variables and target values. For dam seepage prediction, no evidence has been found at present for using a combination of CNN and LSTM in parallel. Therefore, based on the causal relationship between external loads and seepage field distribution, this study combines CNN and LSTM in parallel to establish a novel multi-target prediction model (MPM) for simultaneous predictions at multiple measurement points. The MPM model can not only describe the variation regulation of measurement values with the change of load and time, but also reflect the spatial distribution relationship of measurement values by considering the correlation information among multiple measurement points, which is undoubtedly more comprehensive and real for correctly mastering the structural condition and variation rules of the whole dam. The MPM model improves prediction accuracy and efficiency while also achieving seepage field prediction. It is of great importance to effectively and safely manage reservoir operation, as well as to improve future planning for dam seepage problems.
2 THE NOVEL PREDICTION MODEL
2.1 The existing models adopted
2.1.1 Long-short term memory model
Long short-term memory networks (LSTM) (Hochreiter and Schmidhuber, 1997) are an extension of recurrent neural network designed to solve the problem of long-term dependencies and vanishing gradients. In LSTM, it can continuously learn short-term time changes and long-periodic variation rules (Hochreiter, 1998) due to its connection to hidden nodes. LSTM has a stronger temporal feature extraction capability and a faster training speed for time series (Zhao et al., 2021). Because of these characteristics, LSTM produced good performance in predicting dam behavior series (Zhao et al., 2021; Hou et al., 2022). LSTM is also one of the most widely adopted models for MTL models (Wan et al., 2021; Zong et al., 2022). For non-linear regression, LSTM can be used to obtain highly-accurate predictions, and its governing equation can be simplified as follows:
[image: image]
where xt is the input vector, c is the memory cell, and h is the hidden layer.
The LSTM model in this paper contains multiple hidden layers (Luo et al., 2022) to extract deep causal temporal features. The output of the last hidden layer of LSTM is recorded as [image: image] after flattening so as to facilitate feature fusion and connect fully connected layers.
2.1.2 Convolutional neural networks
Convolutional neural networks (CNN) (Hubel and Wiesel, 1959; LeCun and Bengio, 1995) are mainly used to process variables in Euclidean space (Hakim et al., 2021). The convolutional layer, the pooling layer, and the activation function of the CNN model are the core steps of feature extraction. The convolutional layers extract the different non-linear interaction relationship features of the input data by setting different convolution kernels. The pooling layer reduces redundant features by taking the maximum or average value of the data in the convolution kernel. The activation function reflects the mapping relationship between input and output in two adjacent layers, which provides neural networks with non-linearity capability.
In this paper, the CNN model is introduced to extract latent features between adjacent target values. The input is a data grid with multiple measurement values at each moment that is regularly arranged, and high-dimensional feature extraction is performed using a series of convolutions and maximum pooling subsampling. The activation function is the rectified linear unit (Relu). Finally, it is flattened into a one-dimensional feature vector [image: image] to facilitate feature fusion and to connect fully connected layers.
2.2 The framework of the MPM model
The seepage field contains multiple measurement points that can be meshed at each moment to produce a series of data grids (Figure 1A). The position of the measurement points is indexed by coordinates, and there is at most one measurement value in each small square, and no measurement value is assigned 0. The data grid at each moment is similar to the images that CNN usually processes. The measurement value of each point in the data grid is typical time series data, which is suitable for analysis by LSTM. Similar trends and differences can be seen among time series (Figures 1B, C).
[image: Figure 1]FIGURE 1 | Similar trends and differences of target values. (A) Mesh. (B) Time series. (C) Data grids.
The MPM model consists of two different parallel networks, CNN and LSTM (the framework is shown in Figure 2). The LSTM model efficiently captures causal temporal features. By constructing a data grid with multiple target values at each moment, the CNN model with local feature extraction capability adaptively deep mines latent features from the data grid to optimize the multi-target model. Latent correlation features between target values learned by CNN are fused with causal temporal features extracted by LSTM, and the final multi-target predictions are obtained by fully connected layer mapping.
[image: Figure 2]FIGURE 2 | The framework of the MPM model.
For specific data processing, preprocessed environmental variables and monitoring history data are fed into the MPM model, the temporal features are extracted by the LSTM model, correlation features between target values are extracted by the CNN-soft parameter sharing layer, flattened feature vectors are obtained for feature fusion at the same time, and the respective outputs of multiple target values are connected by fully connected layers. The MPM model integrates CNN and LSTM into a unified framework for jointly training one loss function. In addition, since the MPM model has multiple outputs, back propagation is carried out in parallel. A standard back propagation algorithm propagates errors from the output layer to the feature fusion layer and then to the parallel network layer and updates parameters.
The parts are described below:
(1) Data collection and preprocessing: abnormal data were eliminated, and data format conventions and normalization were carried out for environmental variables and target values (Yang D. S. et al., 2020) to make them suitable for the MPM model. Inputs are Xm and Yn, where X is a matrix of m environmental variables and Y is a matrix of n target values.
(2) Soft parameter sharing layer: Soft parameter sharing layer is built by CNN with local perception and weight sharing features. The CNN model is introduced to mine latent correlation features between target values of adjacent measurement points.
(3) Feature fusion layer: There are two main feature fusion methods in hybrid neural networks: addition (Yang J et al., 2020) and concatenation (Zhang et al., 2022). Feature addition requires the same dimension of feature vectors, while concatenation is more flexible. Moreover, feature fusion through concatenation has the effect of reinforcing and interconnecting features (Zhang et al., 2017; Zhang et al., 2022). Therefore, concatenation is used to fuse feature vectors in MPM.
(4) Output layer: Fully connected layers are performed to connect the final multi-target outputs, which consist of an input layer, hidden layers, and an output layer. The input to this module is the comprehensive feature vector. Full connection between adjacent layers is used to integrate local information, and the corresponding activation function is set to achieve non-linearity. Due to data regression, the activation function is sigmoid. For neural networks, when the input data is not very large, the 2- to 3-layer structure can fit any function (Yan et al., 2019).
2.3 The detailed calculation method
2.3.1 Model training
Details of the MPM model are presented in Algorithm 1.
Algorithm 1:. The MPM model.
Input: Environmental variables Xm and target values Yn
1. Data preprocessing
2. Get training and test datasets
3. Randomly initialize model parameters
4. Set loss function: RMSE
5. Begin training:
6.  Forward propagation
7.  Calculate loss function
8.  Calculate gradient descent
9.  Backpropagation and update model parameters
10. End training
11. Save model parameters
12. Begin testing
13. Inverse standardization
Output: The predictions of [image: image]
The specific training process is as follows (Figure 3):
[image: Figure 3]FIGURE 3 | Flow chart of the MPM training process.
Step 1:. Obtain the initial training dataset and initialize the model parameters.
Step 2:. Enter the training data into the networks to start the training. According to the output predictions and target values, the error of multiple measurement points on the output layer is calculated and then propagated forward to the feature fusion layer and the parallel layer, where the error is calculated.
Step 3:. Update the weights according to the error on the output layer and calculate the total error of the multi-target results. If the maximum number of iterations is reached, proceed directly to Step 4. Otherwise, Step 2 is returned.
Step 4:. Model training is completed, and the configuration of the entire network is saved for prediction.
2.3.2 Hyperparameter optimization
The goal of hyperparameter optimization is to make the model perform better on both training and test datasets. At present, there is no perfect theoretical guidance for the selection of hyperparameters of deep neural networks, which need to be constantly adjusted according to the learning effect of the model. In order to obtain the optimal structure of the deep learning model, this study adopts the variable control approach to select hyperparameters such as the number of network layers, the number of neurons, and the number of iterations, taking into account the prediction accuracy and complexity of the model.
2.4 Comparison model and evaluation metrics
To verify the effectiveness of the MPM model, it is compared and analyzed with the traditional multi-target benchmark model based on hard parameter sharing (Zhou et al., 2018; Sun et al., 2021). For convenience, the benchmark model is denoted LSTM-M in this paper. Hard parameter sharing layer of the LSTM-M model is built by LSTM neural networks, and the output results are target-specific and built by fully connected layers. The LSTM-M model based on hard parameter sharing can share complementary knowledge between various time series and capture temporal features between environmental variables and target values. For fair comparison, the hyperparameters and inputs of the LSTM-M model are consistent with those of the MPM model.
In order to examine the superiority of the MPM model from different perspectives, mean square error (MSE), root mean square error (RMSE), mean absolute error (MAE), coefficient of determination (R2), and mean absolute percentage error (MAPE) are five commonly used metrics to fully compare and evaluate predictive performance. Among them, R2 reflects fit performance, ranging from 0 to 1, and a more significant R2 represents a better fit. MSE and RMSE are sensitive to outliers and can measure deviations between predictions and target values. MAE is the mean of the absolute value of the error, and MAPE measures the absolute difference between predictions and target values, with a smaller value representing better prediction performance. The equations are as follows:
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where [image: image] is the predicted value, [image: image] is the measurement value, [image: image] is the mean value of target values, N is the number of samples, and M is the number of measurement points.
In addition, to directly analyze the prediction performance of two models, the promotion percentages of MSE, RMSE, MAE, and MAPE are applied. The index can be expressed as Eq. 7, where EM represents different evaluation metrics and the positive value represents that the second model has better performance than the first. The higher the ratio, the greater the performance improvement of the model.
[image: image]
3 APPLICATIONS AND RESULT ANALYSIS
3.1 The first model application
3.1.1 Project status and monitoring data profile
Naban (Sun, 2012) is an earth dam with a clay core wall, a crest elevation of 231.5 m, a maximum height of 78.5 m, a crest width of 8.0 m, a normal reservoir water level of 220.2 m, and a dead water level of 209.6 m. Reservoir water level (RWL) and rainfall are environmental variables. Given the low downstream water level and little fluctuation, the influence of the downstream water level is not considered in this case. The total water head measured by six piezometer tubes in the maximum height section is selected as the representative measurement value, denoted R1–R6. The position of multiple piezometer tubes is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Piezometric tubes distribution of the Naban earth dam.
3.1.2 Training and prediction
There were 969 observations from 24 May 2001, to 31 December 2010. The time series of monitoring data is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Time series of monitoring data.
The dataset from 24 May 2001 to 27 January 2009, is used as training data for optimizing and adjusting parameters, and the dataset from 30 January 2009 to 31 December 2010, is used as test data for prediction and performance evaluation.
In this case, the CNN model has two convolutional layers with 8 neurons and 2 and 3 convolution kernels, respectively. The LSTM model has 16 neurons in the two hidden layers, and the fully connected layers have two hidden layers. The batch size is 64, the number of iterations (epoch) is set to 1,000, Adam is the optimizer, the initial learning rate is set to 0.001, and the dropout rate is set to 0.1. The details are shown in Table 2.
TABLE 2 | Setting of hyperparameters.
[image: Table 2]3.1.3 Results and comparison
The evaluation results for LSTM-M and MPM are shown in Table 3, and the boldface indicates better performance.
TABLE 3 | Evaluation results of prediction models.
[image: Table 3]The intuitive comparison results are shown in Figure 6. It can be seen from the figure that both models can achieve simultaneous predictions of multiple parallel targets, but the MPM model performs better, and the prediction accuracy is greatly improved compared to the LSTM-M model. From the MAPE, MSE, RMSE, and MAE, it can be seen that the MPM model improves on average by 76.7%, 91.4%, 73.0%, and 76.7%, respectively, compared to the LSTM-M model. According to R2, the MPM model has a good fit between predictions and target values, and the average R2 for the six measurement points is 0.952. The results show that the prediction accuracy has been remarkably improved by introducing the CNN model. It is very important to consider latent correlation features between target values based on the benchmark LSTM-M model.
[image: Figure 6]FIGURE 6 | Measurement and predicted values from LSTM-M and MPM.
In addition, it can be seen from the predictions that the errors of the two models are mainly reflected at the time when the inflection point fluctuates greatly and the MPM model has more ideal feature sensitivity. For example, in Figure 6, the data at both times of the dashed lines indicate that the rules learned by the LSTM-M model are approximately the same, which is the delayed peak, especially at R1, R4, and R5 on 14 September 2010, where the predicted values differ significantly from target values. As can be seen, it is difficult to guarantee the accuracy of LSTM-M predictions when there are differences in the correlation between environmental variables and various target values. In addition, during the training process, because the same parameters are used for each measurement value of the LSTM-M model, the parameters are adjusted by errors and back propagation of multiple measurement points. When the error of one measurement point is large, the prediction accuracy of other measurement points will be sacrificed to balance the overall error. The CNN model is introduced to extract latent correlation features between adjacent target values, consider correlations and differences between target values, and adopt different parameters accordingly, thus improving the learning effect of the model and effectively enhancing the prediction performance.
3.2 The second model application
3.2.1 Project status and monitoring data profile
Lubuge is a weathered rockfill dam, with the top elevation of the dam, the maximum dam height, the width of the dam crest, and the length of the dam crest being 1138.0, 103.8, 10.0, and 217.0 m, respectively. The normal reservoir water level is 1130.0 m, the corresponding storage capacity is 111.0 million m3, the dead water level is 1105.0 m, the storage capacity is 75.0 million m3, and the reservoir presents an incomplete capacity for seasonal regulation. Given the low downstream water level and little fluctuation, the influence of the downstream water level is not considered in this case. Three osmometers from the largest section were selected for analysis and were denoted R1–R3. The position of multiple osmometers is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Osmometers distribution of the Lubuge rockfill dam.
3.2.2 Training and prediction
There were 1,375 observations from 17 May 2009 to 19 February 2013. The time series of monitoring data is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Time series of monitoring data.
The dataset from 17 May 2009 to 30 April 2012, is used as training data for optimizing and adjusting parameters, and the dataset from 1 May 2012 to 19 February 2013, is used as test data for prediction and performance evaluation.
In this case, the CNN model has three convolutional layers with 16, 8, and 8 neurons and 2, 2, and 3 convolution kernels, respectively. The LSTM model has three hidden layers with 128 neurons. The batch size is 32, and the other parameters are the same as those above. The details are shown in Table 4.
TABLE 4 | Setting of hyperparameters.
[image: Table 4]3.2.3 Results and comparison
The evaluation results for LSTM-M and MPM are shown in Table 5, and the boldface indicates better performance.
TABLE 5 | Evaluation results of prediction models.
[image: Table 5]The intuitive comparison results are shown in Figure 9. When LSTM-M and MPM are compared, it is clear that the prediction accuracy of MPM has improved significantly, and MSE, RMSE, MAE, and MAPE have improved by 63.4%, 40.2%, 41.4%, and 41.4% on average, at the three measurement points, respectively. The average R2 at the three measurement points is 0.992, which is higher than that of LSTM-M (0.978).
[image: Figure 9]FIGURE 9 | Measurement and predicted values from LSTM-M and MPM. (A) R1. (B) R2. (C) R3.
3.3 Result analysis
The MPM model has achieved better prediction results in practical applications, and possible reasons for this include: 1. The LSTM model can deeply learn the non-linear temporal features between environmental variables and target values. 2. The introduction of the CNN model can effectively obtain latent correlation features between target values, and when the causal relationship between target values and environmental variables is different, the latent correlation features can be effectively used to reduce the prediction error and better fit the variation trend. 3. Feature fusion can act as feature reinforcement and intercorrelation, allowing data features to be extracted and identified from various aspects. 4. Multi-target joint training implicitly increases the amount of training data and prevents model over-fitting.
4 CONCLUSION
In this study, the MPM model is proposed, which considers causal temporal features between environmental variables and target values, as well as correlations and differences between target values.
The MPM model integrates CNN and LSTM into a unified framework. The LSTM model is introduced to efficiently learn the causal temporal features of short-term time changes and long-periodic variation rules in time series, while the CNN model is introduced to build the soft parameter sharing layer to efficiently mine latent correlation features of the data grid at each moment. After integrating causal temporal features and latent multi-target correlation features, fully connected layers are used to establish the mapping relationship between the comprehensive feature vector and the multi-target outputs. The MPM model allows data features to be extracted and identified from various aspects. Monitoring data of two embankment dams are used to show the prediction performance. Compared with the traditional benchmark model based on hard parameter sharing, the MPM model has better fitting effect and prediction accuracy.
The main advance of the MPM model is that CNN and LSTM are combined parallelly. Parallel networks do not depend on each other, which improves the prediction the performance of the model without consuming too much time. Although the monitoring data at multiple points in this paper are the same type, the proposed MPM model is still applicable in prediction of multiple types of physical fields in safety monitoring.
It should be noted that the model performance is inspected on the basis of the training data, which is during the normal operation period of the embankment dams. Further studies are needed to test the model performance based on the data of other types of dams and on the data of different periods of monitoring data, such as the initial operation data or long-term operation data.
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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, the microcracks compaction stage (I) occurs at the initial loading period of the rock beam. At this stage, the original microcracks in the rock beam are compacted; however, the load on the rock beam is too small to produce new microcracks, causing the displacement changes slowly with the increase of the load. With the load continues to increase, the microcracks in the upper part of the rock beam are dramatically compacted, and at the same time, the microcracks in the lower part of the rock beam are in a tension state. New microcracks begin to appear and expand in the lower part of the rock beam, but they are not connected yet. At this period, the curve is approximate to a straight line, called the microcracks expansion stage (II). When the load further increases, the load–displacement curve turns down sharply after the peak value, and the rock beam breaks suddenly. At this time, the vertical displacement of the rock beam is almost unchanged, and the bearing capacity of the rock beam drops sharply due to the complete penetration of the microcracks. This period is identified as the microcracks penetration stage (III), which reflects the characteristics of the bending brittle fracture of limestone beam.
3.1.2 Stress-cumulative ringing–time curve
The maximum bending stress located at the lower edge of the mid-span section was calculated from Eq. 1:
[image: image]
Where P is the load (N), L, b, and h are, respectively the length, width, and height of the rock beam (m). The results calculated according to Eq. 1 are shown in the Figure 4.
[image: Figure 4]FIGURE 4 | Stress-cumulative ringing counts–time curve of specimen KW1-5.
According to the stress-cumulative ringing number–time curves of Figure 4, we can find that the bending stress of limestone beam changes with time in three stages: the slow growth stage, linear growth stage, and sharp decline stage after the peak. This is in accordance with the analysis results in subsection 3.1.1. Accordingly, the AE signals show different evolution characteristics with different loading stages.
At the microcracks compaction stage (I), the source of AE signals is inactive, corresponding to the compression of the original microcracks in the rock beam, which causes the cumulative ringing number at a low level.
At the microcracks expansion stage (II), the source of the AE signals changes from compression of the original microcracks to production of new microcracks with the increase of the load, which causes the cumulative number of AE rings to increase with the stress; the specimen is still at a stable stage.
At the microcracks penetration stage (III), the cumulative number of AE rings increases dramatically because of the unstable expansion of the microcracks. The increase rate is faster than that of stages I and II, and there are two sudden growth points. The first point is located at the point of 80% peak stress, because of the large number of microcracks that are generated, expanded, and connected. The second point occurs at the moment when the stress drops rapidly, and it is mainly caused by the complete destruction of the rock beam, which can be taken as a sign of rock beam failure.
3.2 Analysis
3.2.1 Bending damage analysis
3.2.1.1 Definition and monitoring method of bending damage variables
Based on the continuous damage theory and Lemaitre strain equivalent principle, the stress–strain constitutive relationship of the tensile zone in the bending damage
process can be expressed as Eq. 2:
[image: image]
Where [image: image] is the tensile stress, [image: image]is the strain, [image: image] is Young’s modulus, and D is the damage variable. According to the research by Zhang et al. (2006), the relationship between the damage variable and the AE cumulative rings can be directly defined as:
[image: image]
Where [image: image] is the real-time AE ringing during the bending damage process, which represents the microcracks generated by the stress on the specimen at this moment, and where Nm is the cumulative ringing number of complete failure at the end of the test, which represents all the microcracks generated by the stress on the specimen.
The relationship between strain and time collected by different strain gauges in Figure 4 was fitted, and it was found that the relationship between strain and time in the different parts is linear, and the expression is:
[image: image]
According to the study by Wu et al. (2015), when the rock specimen is brittle or undergoes brittle–ductile failure, exponential function can be considered to express the functional relationship between the AE cumulative rings count N and time t:
[image: image]
The value of A1, B1, and C can be determined by experimental data. Substituting Eq. 4 into Eqs 5, 6 can be derived:
[image: image]
Tang et al. (2003) and Jiang and Wen (2011) established the constitutive model of the rock stress–strain curve based on the Weibull distribution model as follows:
[image: image]
[image: image]
Yang et al. (2005) established a new method to determine the parameters of a rock damage model:
[image: image]
[image: image]
Where [image: image]is the shape factor of the distribution function and σe and εe are, respectively, the tensile stress and tensile strain at the lower edge of the rock beam at the end of the test.
The relationship among the AE cumulative ring numbers N, stress σ, and damage variable D can be obtained by combining Eqs 6–8 as follows:
[image: image]
[image: image]
In the process of large-scale rock beam bending, the neutral layer between the compression zone and the tension zone will gradually shift from the middle of the rock beam to the upper part with the gradual bending failure. However, because the scale of this test was small and the tensile fracture process was very short, the upward displacement distance of the intermediate layer was small, so it was not considered in the calculation. Taking the deformation at the bottom of each rock beams as the calculation point, the calculation parameters are shown in Table 1.
TABLE 1 | Parameter fitting of damage evolution equation of six samples.
[image: Table 1]According to the AE accumulated ringing number collected during the test, as shown in Figure 5, the damage variable D of the rock beam was calculated by Eqs 3, 11.
[image: Figure 5]FIGURE 5 | Evolution law of damage variables with time.
According to the analysis in Figures 4, 5, and subsection 3.1.1, 3.1.2, the bending damage of limestone beam can be divided into the initial damage stage, slow damage stage, and accelerated damage stage. The initial damage stage corresponds to the microcracks compaction stage (I), and the value of damage variable D tends to 0. The slow damage stage corresponds to the microcracks expansion stage (II), and the growth rate of the damage variable D is slow. The accelerated damage stage corresponds to the microcracks penetration stage (III). At this stage, the damage variable D starts to increase rapidly when the stress increases to 80% of the peak stress. When the stress reaches the peak, the damage variable D increases rapidly until the sample is fully damaged, which shows that during the process of bending deformation, the ductility of the rock is not obvious, and the rock shows transient brittle tensile fracture. The analysis results show that the damage variable correction theory conforms to the actual test situation.
3.2.1.2 Damage stress correction
The evolution of stress growth with strain after the damage correction of each strain gauge can be calculated according to Eq. 2. Taking strain gauge 6 of rock beam specimen kw1-5 as an example, the stress–strain relationship curve after damage correction is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Comparison of σ-ε curves at strain gauge 6 of specimen KW1-5.
The black scattered points in Figure 6 are the test data, and the red line is the damage correction curve. The two curves fit well, which shows that the damage evolution model can well reflect the bending stress deformation process of limestone beam.
3.2.2 Fracture criterion of bending damage of rock mass
When the rock beam is bent under the action of torque, the upper part is compressed, and the lower part is tensioned. With the increase of bending torque, the tensile stress on the tensile side gradually increases. When the tensile stress exceeds the ultimate tensile strength, the rock beam begins to crack. The bending failure can be judged by the tensile stress yield criterion:
[image: image]
Where [image: image] is the edge bending stress in the x direction of the rock beam and [image: image] is the ultimate tensile strength. The calculation formula of [image: image] under normal compressive stress is:
[image: image]
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where M is the maximum bending moment, P is the vertical compressive load, l is the length of the limestone sample, b is the width of the section, h is the height of the section, Iz is the moment of inertia of the cross-section to the bending neutral layer, and y is the distance from the stress location to the bending neutral layer.
The stress essentially represents the central stress of the block element during numerical calculation, but the maximum principal stress under the bending failure progress is located at the tensile side edge of the rock beam. Therefore, it is necessary to convert the stress (block element stress contained in any section perpendicular to the neutral axis) to the bottom edge bending stress [image: image]. The method is shown in the following steps:
1) Assuming the normal stress along the x direction at any block element center in the rock beam is σx(ij), by using the Lagrangian interpolation method for the center stress of each block element of a section that is perpendicular to the horizontal beam, the value of the normal stress distribution along the x direction of the section can be obtained. The calculative method is showed as Eq. 17:
[image: image]
Where li(r) is the Lagrange interpolation basis function, the calculation equation is shown as follows:
[image: image]
Where ri is the distance from the center of each block element in column j to the neutral axis, and r is the distance from each point of column j unit to the neutral axis.
2) The bending torque (M) of the block element can be obtained by taking the torque from [image: image] to the block element center. Since the stress distribution of [image: image] is polynomial, the equation for obtaining M by integrating [image: image] is as follows:
[image: image]
Where h' is the height of the block element.
After the bending torque M is obtained, the bending stress [image: image] at the lower boundary of each block element of rock beam can be calculated by Eq. 20:
[image: image]
4 THREE-POINT BENDING NUMERICAL TEST OF ROCK BEAM
To verify the accuracy of the bending damage evolution model and the rationality of the damage tensile fracture criterion of the limestone beam under the action of a three-point bending load, the numerical test was carried out by using FLAC3D software according to the indoor test data.
4.1 Compilation of damage constitutive model
Based on the self-contained Mohr-Coulomb model of FLAC3D, the numerical simulation of the damage constitutive model of limestone beam under three-point bending test was realized by the built-in FISH language. For each element, the strain increment in x direction was accumulated at each calculation time step and used to calculate the damage variable (Eq. 11). The damage deterioration of the elastic modulus and damaged stress were corrected (Eq. 12). The bending stress was calculated according to Eqs 14–17, and it was judged whether bending failure occurred according to Eq. 13.
4.2 Model and parameters
The numerical test parameters are based on the indoor data of the three-point bending test (L=0.6 m, b=0.1 m, h=0.1 m). The numerical calculation model is shown in Figure 7, and the numerical calculation physical and mechanical parameters are shown in Table. 2.
[image: Figure 7]FIGURE 7 | Calculation model diagram. (A) Sample stress model, (B) Mesh generation and loading.
TABLE 2 | Parameters in numerical tests.
[image: Table 2]4.3 Result analysis
As for the horizontal bottom of the rock beam, the stress–strain relationship at the section (x=0) during the numerical test is shown in the blue curve in Figure 6.
We can find that the bending stress of numerical calculation increases with the strain and drops sharply after the peak stress is about 30 MPa, which closely coincides with the test curve and theoretical curve. The displacement distribution along the x direction of the rock beam is shown in Figure 8. The displacement increases from the central section to both edges along x direction gradually. The maximum displacement. which is mainly distributed at the top and bottom of the specimen, is about 1.36 mm, and the minimum displacement is 0 mm, distributed near the neutral layer. The deformation process of the rock beam during three-point bending has been exhibited straightly by the numerical simulation test results. The rock beam deforms under the action of bending stress, the central part deforms downward, and both ends tilt up. At the same time, the bottom of rock beam is deformed towards both ends by tension, and the upper part is deformed towards the neutral layer by compression. Therefore, the bending failure begins with the tensile crack at the bottom of the specimen, and gradually extends to the compression zone. In the process, the neutral layer shifts upward. Since the tensile crack failure process is very short, the neutral layer shift is not considered in this work.
[image: Figure 8]FIGURE 8 | x-displacement distribution.
As shown in Figures 9A, B, the compressive stress in the x direction increases from the neutral layer to the top of the rock beam, and the maximum compressive stress is about 35.7 MPa, which is distributed in the area above the neutral layer. The tensile stress in the x direction increases from the neutral layer to the bottom of the rock beam, and the maximum tensile stress is about 25.0 MPa, which is distributed in the area below the neutral layer. The maximum compressive stress is greater than the maximum tensile stress. The maximum tensile stress is distributed in the central of the bottom of the specimen where the bending effect is most obvious, which is consistent with the deformation of the indoor test. At the same time, the bending stress distribution is close to the x-direction normal stress of the section element x=0, but the value is different. The bending stress at the bottom of the middle of the rock beam is 33.6 MPa, obviously greater than the stress in the x direction, which is also the reason why the unit center stress cannot replace the edge tensile stress.
[image: Figure 9]FIGURE 9 | Distribution of bending stress and x-direction stress. (A) x direction bending stress distribution, (B) Stress distribution in x direction of section element x=0.
The tensile fracture zone is shown in Figure 10, mainly distributed at the bottom of the beam. The damage starts from the tensile zone at the bottom of the beam, and the maximum damage value is about 0.402 before the stress reaches the peak value (Figure 11), which is close to the damage variable value caused by the same stress in Figure 5. The stress distribution of each section is consistent with the actual situation.
[image: Figure 10]FIGURE 10 | Distribution of bending zones.
[image: Figure 11]FIGURE 11 | Distribution of damage variable.
5 CONCLUSION

1) The bending failure progress of limestone beam can be divided into three stages from the analysis of stress-cumulative ringing–time curves: (I) the microcracks compaction stage, (II) microcracks expansion stage, and (III) microcracks penetration stage. Correspondingly, the evolution of the bending damage variable D is also divided into initial damage stage, slow damage stage, and accelerated damage stage. The damage variable D increases rapidly when the stress increases to 80% of the peak stress.
2) The damage variable D is corrected by the data of the three-point bending test, and the result conforms to the actual test situation. Under the conditions of damage variable D, the stress–strain constitutive model of three-point bending tensile zone of limestone rock beam is established based on the Lemaitre strain equivalent principle and continuous damage theory, and the obtained curve is in good agreement with the fitting curve of the test data.
3) The yield criterion of bending stress is selected as the bending failure criterion. The specific implementation process of stress damage deterioration, the calculation of bending stress at the lower edge of the limestone beam, and the bending failure criterion are programmed by FISH language to realize the secondary development of software FLAC3D, thus programmatically realizing the calculation of the damage deterioration formula and bending criterion. The numerical simulation results show that: ① The stress–strain curve of the whole bending deformation progress is in good agreement with the fitting curve of the test results and the prediction curve of the theoretical model. ② According to the cloud diagram of displacement distribution in the x direction, the rock beam deforms under the action of bending stress, the central part deforms downward, and both ends tilt up. Therefore, the bending failure begins with the tensile crack at the bottom of the specimen and gradually extends to the compression zone. The maximum damage value is about 0.402 before the peak stress. ③ 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 most obvious, which is consistent with the deformation of the indoor test.
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Rock failure generally leads to serious consequences, and it is significant to obtain the precursor information prior to failure using associated techniques. Acoustic emission (AE) is one of the indispensable methods for disaster warning of hard and brittle rock. Acoustic emission detection technology can effectively monitor real-time information about changes in the rock interior and predict the process of rock damage failure. To probe the relationship among the AE precursor information of red sandstone under different intermediate principal stresses, an experimental study was conducted by us to examine the alterations in AE parameters during the failure of red sandstone under both loading and unloading circumstances. The study shows that the ringing count rate and absolute energy versus time curves are divided into four stages, namely, quiet, frequent, sudden increase and decline periods. The cumulative count curve is also divided into four phases: pre-unloading period, post-unloading period, sharp increase period, and decrease period. With the rise of the intermediate principal stress, the ringing count rate and energy exhibited during the frequent period of AE demonstrate a consistent increase, with a larger increase in the maximum value and a smaller increase in the average value. In addition, the peak value of AE signals during failure also increases accordingly. The occurrence moment and clarity of the frequent period determine the reliability and priority of the information related to the rock’s failure precursor; moreover, the reliability and priority of the AE precursor information will increase with the increase of the intermediate principal stress. After comparison, it is found that the AE precursor information occurs prior to the thermal infrared precursor information.
Keywords: loading and unloading, true triaxial test, acoustic emission, thermal infrared precursor information, failure
1 INTRODUCTION
Acoustic emission (AE) is a transient elastic wave within a material due to the rapid release of local strain energy. The generation and development of internal fractures in brittle rocks during failure is a good AE signal source, and since there are no obvious anomalies on the surface of hard brittle rocks before instability failure, it is often challenging to predict the occurrence of such type of failures. Therefore, as a concomitant phenomenon, AE produced during the rock failure process can provide effective information for predicting rock instability failure and provide significant evidence for predicting rock failure (Fortin et al., 2009; Brantut et al., 2011; Zhang et al., 2019; Chen et al., 2020), thus better ensuring the safety of people’s lives and property.
During rock failure, a large amount of elastic strain energy could be released, and monitoring changes in AE parameters has become a new direction in the study of rock failure. Through analysis of variations in AE parameters during rock failure, the alterations in the internal structural condition of the rock mass can be identified, thereby allowing for inference of the mechanism underlying rock mass failure. It has been proposed that the b-value of AE in rock failure exhibits a tendency to decrease as stress increases prior to failure and experiences a marked decrease at the moment of failure (Lei, 2006; Dong et al., 2022). The acoustic response and fractal dimension can reflect the evolution and expansion of fractures during loading, and the acoustic fractal values can be used to study the precursor information of rock failure (Kong et al., 2016; Xu et al., 2017). Furthermore, the spatial correlation length of acoustic emissions can be regarded as a precursor parameter for rock failure, which generally increases during the failure process (Tyupkin and Giovambattista, 2005; Li et al., 2010). The spatial AE localization technique enables the analysis of the internal fracture evolution of rock specimens over the loading process (Yang et al., 2012; Wang et al., 2022). The sharp increase in various parameters of AE is closely associated with the occurrence of rock fractures (Zhao et al., 2015; Moradian et al., 2016).
True triaxial stress paths can accurately reflect the deformation and failure patterns of rock masses caused by different excavation methods in engineering and can better simulate the mechanical response and deformation and failure characteristics of rock masses after excavation. Mogi (1971) successfully developed the world’s first true triaxial test machine for rocks, proving the existence of intermediate principal stress effects on rocks. The effect of intermediate principal stresses on the strength characteristics of rocks has been confirmed by many scholars (Haimson and Chang, 2012; Ma et al., 2017). In addition, many studies based on true triaxial tests have shown that intermediate principal stresses have significant influence on the mechanical properties, failure mechanisms, and underground engineering stability of rocks (Ma et al., 2014; Feng et al., 2016; Vachaparampil and Ghassemi, 2017; Gao et al., 2018; Zhang et al., 2021; Zhao et al., 2022a; b; Xu et al., 2022).
In this study, the variation of AE parameters of red sandstone under different intermediate principal stresses are investigated, the similarities and differences among the acoustic emissions under different intermediate principal stresses are compared, and finally the AE precursor information before rock failure through true triaxial tests under unloading conditions are analyzed. The temporal relationships among the various precursors were identified, for the purpose of better predicting and preventing excavation and unloading-induced rock instability failure.
2 TEST METHODS
2.1 Test conditions and test equipment
The red sandstone specimens used are dense and tight, with a good integrity. The specimens are rectangular in shape and its dimensions are 100 mm × 100 mm × 200 mm with a flatness error of ± 0.05 on the end face and a verticality error of ± 0.25°C. The minimum principal stress in the true triaxial loading test is 5 MPa, and a total of 4 different intermediate principal stress conditions were set up. In each condition 3 specimens were tested, and a total of 12 specimens were used.
The true triaxial test was carried out using the new high-pressure servo-dynamic true triaxial rigidity tester TAW1-5000/3000 (Figure 1) (Su et al., 2017). The development, extension and penetration of fractures on the rock surface were captured using a high speed digital camera developed by SVSI, United States. The AE monitoring was conducted using the Micro-II Digital AE System from PAC company, United States. The FLIRSC305 infrared thermal imaging camera was also used to monitor the changes in the thermal image of the specimen’s free face.
[image: Figure 1]FIGURE 1 | Diagram of test equipment, specimen and stress state. (A) High pressure servo-motion true triaxial tester. (B) Micro-II Digital AE System. (C) Red sandstone specimens. (D) Schematic diagram of the true triaxial loading and unloading stress state.
2.2 True triaxial loading and unloading test scheme
The initial ground stress is set before the test, where σ1 represents the maximum principal stress, σ2 represents the intermediate principal stress and σ3 denotes the minimum principal stress, the direction of the minimum principal stress is the free face.
Test scheme: first, the stress of 0.5 MPa was applied to σ1 using the displacement control method in order to connect the specimen end face with the face of the transfer column. Then, the load control method was employed to reach the design value σ1 at a loading rate of 0.2 MPa/s. After that, using the same method, keep σ1 unchanged and load σ2 to the design value; keep σ2 unchanged and load σ3 to the design value and maintain this stress state for 10 s. After the initial stress loading was completed, one side was quickly unloaded, while the opposite side was adjusted to displacement control. Then, σ1 was increased at a loading rate of 2 kN/s until the instability failure of the specimen. The stress state is shown in Figure 1D, and the stress path is the same as the true triaxial loading path. During this process, AE, high-speed camera and infrared thermal imaging camera collected data simultaneously. The true triaxial stress levels for this study were listed as follows: σ1 was set at 60 MPa. σ2 was set as 10 MPa, 20 MPa, 40 MPa, and 60 MPa, respectively; σ3 was set as 5 MPa. The test details are shown in Table 1.
TABLE 1 | Details of true triaxial load and unload tests.
[image: Table 1]3 EXPERIMENTAL RESULTS AND ANALYSIS
3.1 Characteristics of AE precursor information
The AE characteristics of rocks in true triaxial loading tests and the corresponding precursor information have been extensively studied in previous studies. On this basis, the AE signals in real triaxial loading and unloading tests were investigated to decode their characteristics under this stress path and the precursor information before rock failure. In particular, analyzing the AE characteristics under different intermediate principal stresses and comparing the similarities and differences.
Figure 2 shows the curves of each AE parameter versus time under the intermediate principal stress of 10 MPa. Which I is quiet period, II is frequent period, III is sudden increase period, IV is decrease period, A is pre-unloading period, B is post-unloading period, C is sudden increase period and D is decrease period. Figures 2A, B show the ringing count rate and absolute energy, respectively, and Figures 2C, D display the corresponding cumulative count curves. According to Figures 2A, B, the quiet period is the longest in the whole process. In general, the ring count rate remains in a low level but increases significantly when the specimen is disturbed during unloading. The frequent period accounts for about 7% of the whole process, and the overall level of ringing count rate and energy level is increased, and microcracks inside the specimen are pervasively developed. The sudden increase period is the shortest due to the specimen failure that makes the ringing count rate and energy rise steeply and then fall back in a short time. It is prominent that the rock failure process is extremely short. After the ringing count rate and energy fall back, they enter into the decrease period, during which the number of AE specimens gradually decreases. Based on the characteristics of the changes in AE ringing count rate and energy, it can be inferred that before the failure of the specimen, the levels and numbers of AE events will significantly increase. This indicates that internal micro-cracks have developed extensively and interconnected within the specimen, implying that the rock specimen is about to fail.
[image: Figure 2]FIGURE 2 | Relationship between AE parameters and time at 10 MPa. (A) Ringing count rate curve. (B) Absolute energy curve. (C) Cumulative ringing count rate curve. (D) Accumulated absolute energy curve.
Figures 2C, D show the cumulative counting curves of AE ringing count rate and energy versus time. The cumulative curves are divided into four periods A, B, C, and D, which are named as pre-unloading period, post-unloading period, sharp increase period, and decrease period, respectively. Notably, there is a sudden jump in the cumulative curve of the ringing count rate, and the slope of the curve increases after the jump. 25 s before the steep increase, the curve enters the sudden increase period. During this period, the curve rises obviously, this information can serve as a precursor for rock failure. The cumulative curve increases sharply and steeply when the specimen is damaged and then returns to flat. The cumulative energy curve has only slight change in slope before and after unloading and enters the sudden increase period 36 s before specimen failure. In this period, the AE energy increases multiple times, resulting in a stair-stepping pattern.
Figure 3 shows the curves of each AE parameter versus time under an intermediate principal stress of 20 MPa. As shown in Figures 3A, B, the overall characteristics of the ringing count rate and energy curves are similar. In the quiet period, the overall AE signal level is low, and the signal appears to rise significantly during the unloading period. Around 44 s before the specimen failure, the AE enters a frequent period, during which the number of AE specimens and the signal level increase significantly, with abundant microcrack development inside the specimen. Then, specimen failure occurs. The AE signal increases steeply and then falls back, and finally declines gradually. The changing characteristics of ringing count rate and energy show that at the early stage of loading, there are no internal microcracks and the AE signal is less. During the unloading process, the rock specimen is disturbed both inside and outside, and the acoustic signal increases significantly. The quiet period accounts for the largest proportion of the entire process, reaching about 78%, and the frequent period accounts for 8%–9%, which can effectively warn the rock failure. Additionally, the rapid rock failure leads to a short period of sudden increase, accounting for only about 1% of the whole process.
[image: Figure 3]FIGURE 3 | Relationship between AE parameters and time at 20 MPa. (A) Ringing count rate curve. (B) Absolute energy curve. (C) Cumulative ringing count rate curve. (D) Accumulated absolute energy curve.
The cumulative counting curve is clearly segmented, showing multiple periods. The slope of the curve after unloading is higher than that before unloading, and the curve rises faster during the unloading period, exhibiting a stair-stepping pattern. The curve enters the sudden increase period when 45 s before the specimen failure (Figures 3C, D).
Figure 4 shows the curves of each parameter of AE versus time under an intermediate principal stress of 40 MPa. As shown in Figures 4A, B, the overall level of both AE ringing count rate and energy increases as the intermediate principal stress increases, and the number of AE events during the unloading period increases significantly. The duration of the frequent period of AE increases by 51 s, and the number of AE events during this period fluctuates drastically. The overall change in AE ringing count rate and energy is similar, showing an abrupt increase at the unloading, pre-failure, and failure moments.
[image: Figure 4]FIGURE 4 | Relationship between AE parameters and time at 40 MPa. (A) Ringing count rate curve. (B) Absolute energy curve. (C) Cumulative ringing count rate curve. (D) Accumulated absolute energy curve.
According to Figures 4C, D, the cumulative curve rises faster and the slope is relatively steeper during the unloading period. Furthermore, the slope of the post-unloading cumulative curve is larger than that before unloading. Stage C marks the sudden increase period of the cumulative curve, which corresponds to the period of frequent AE the fluctuate AE characteristic in the frequent period, when manifested in the cumulative curve, shows a stair-stepping pattern. When the specimen is damaged, the cumulative curve rises steeply in a short time and then becomes approximately horizontal.
Similar to the above figures, Figure 5 shows the curves at an intermediate principal stress of 60 MPa. As shown in Figures 5A, B, the AE grows prominently during the unloading frequent periods. The first half of the frequent period is characterized by numerous increasing acoustic signals, indicating that the microcracks inside the rock specimen are highly developed. By comparison, the signals are sparse in the second half, which demonstrates that most of the internal microcracks are interconnected. This indicates that most of the micro-cracks inside the rock specimen have interconnected, and a large number of cracks hinder the propagation of acoustic signals within the rock, resulting in a decrease in AE signals. The starting point of the frequent period of the ringing count rate is 74 s away from the steep increase point, and the starting point of the frequent period of energy is 85 s away from the sudden increase point.
[image: Figure 5]FIGURE 5 | Relationship between AE parameters and time at 60 MPa. (A) Ringing count rate curve. (B) Absolute energy curve. (C) Cumulative ringing cumulative count rate curve. (D) Accumulated absolute energy curve.
As shown in Figures 5C, D, in the period before unloading, the cumulative curve is approximately horizontal, with a slow increase in the AE signal. However, unloading leads to a sudden increase in the AE signal, and the curve shows a stair-stepping-shape increase. Then, the signal remains generally stable. About 76 s before the specimen failure, the curve again rises in steps, followed by a steep and sudden increase. There are similarities and differences between the ringing count rate and energy curves. For the similarities, there are two stair-stepping-shape increase in the curve, and the post-unloading curve slope is higher than that before unloading. For the differences, first, the sudden increase period of energy is 2 s less than that of the ringing count rate. In addition, the energy grows more significantly than the ringing count rate when the cumulative curve rises steeply. Comparatively, the cumulative curves of ringing count rate and energy are similar in overall changing characteristics and rising patterns.
After comparison, this can be seen that the cumulative AE curve is more obviously segmented, which can better reflect the growth of AE signal at each period. The ringing count rate and absolute energy reflect the actual acoustic signal changes during the loading process as well as the development of microcracks within the rock at each moment. Both the two forms of AE have precursor information. Specifically, the ringing count rate and absolute energy focus on full process monitoring, while the cumulative counting approach focuses on the segmentation of the AE. By presenting the AE ringing count rate and energy as cumulative forms, the curves not only show segmented, but also emphasize AE anomalies at each period.
3.2 Comparative analysis of AE precursor information under different intermediate principal stresses
The characteristics of the AE during true triaxial loading and unloading of rock specimens under different intermediate principal stresses are analyzed in the above context. It is clear that the quiet, frequent and decrease periods of the ringing count rate and energy increase with the increase of intermediate principal stress, similar to the sudden increase and decrease periods in the cumulative counting curve.
Table 2 shows the comparative analysis of AE at various duration time periods under different intermediate principal stresses. This can be seen that the duration of the frequent periods of the AE ringing count rate and absolute energy both increase with the increase of the intermediate principal stress, and the duration of the sudden increase period of the cumulative count curve also increases with the increase of the intermediate principal stress. The detailed manifestations can be summarized as follows: the duration of the frequent periods of the ringing count rate is 24 s, 44 s, 51 s, 74 s, respectively, and that of the absolute energy is 23 s, 45 s, 51 s, 85 s, respectively. The duration of the sudden increase period of the cumulative ringing count curve is 25 s, 45 s, 52 s, 78 s, respectively, and that of the energy accumulation curve is 36 s, 44 s, 52 s, 76 s, respectively. Such regular variations in the AE frequency period and sudden increase period is due to the strength increase of the specimen associated with the increase of the intermediate principal stress. However, the stress threshold for the appearance of cracks within the specimen is unchanged; thus, the appearance time of the frequency period appears earlier with the increase of the intermediate principal stress. The sudden increase period in the cumulative count rate and cumulative energy curves corresponds to the AE frequency period, so that the earlier appearance of the sudden increase period is also observed with increasing intermediate principal stress. As the precursor information of rock failure, the occurrence of frequency period and sudden increase period become earlier with increasing intermediate principal stress.
TABLE 2 | Comparative analysis of the duration time of each period of AE at different intermediate principal stresses.
[image: Table 2]Due to the fact that the quiet, frequent, and decrease periods of the ringing count rate become longer as σ2 increases, the following equation was finally obtained by fitting the AE ringing count rate versus time curve (Figure 6):
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[image: Figure 6]FIGURE 6 | Fitted curve of σ2 versus time for each period of the ringing count rate. (A) Fitted curve of quiet period. (B) Fitted curve of frequent period. (C) Fitting curve of decrease period.
Likewise, since the quiet, frequent, and decrease periods of absolute energy become longer as σ2 increases, the absolute energy of AE versus time curve was fitted and the following equations were acquired (Figure 7):
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[image: Figure 7]FIGURE 7 | Fitted curve of σ2 versus time for each period of the absolute AE energy. (A) Fitted curve of quiet period. (B) Fitted curve of frequent period. (C) Fitted curve of decrease period.
In the similar fashion, the following equation was obtained by fitting the cumulative count rate of AE ringing versus time curve (Figure 8):
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[image: Figure 8]FIGURE 8 | Fitted curve of σ2 versus time for each period of the cumulative ringing count rate. (A) Fitted curve of sudden increase period. (B) Fitted curve of decrease period.
Similarly, the following equation was obtained by fitting the cumulative ringing count rate versus time curve (Figure 9):
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[image: Figure 9]FIGURE 9 | Fitted curve of σ2 versus time for each period of cumulative AE energy. (A) Fitted curve of the sudden increase. (B) Fitted curve of decrease period.
Based on the result that the duration of the frequent and sudden increase periods of AE increases with increasing intermediate principal stress, a comparative study of the changes in the mean and maximum values of the corresponding signals was carried out to probe how they are affected by changes in intermediate principal stress and to compare the magnitude of the signal values during the sudden increase period.
Figure 10 shows the comparative analysis of the AE signals during the frequent and sudden increase periods at different intermediate principal stresses, and the following conclusions can be drawn: 1) As the intermediate principal stress increases, the ringing count rate and energy during the frequent period continue to increase, with a larger increase in the maximum value and a smaller increase in the average value. 2) As the intermediate principal stress increases, the peak value of the AE signal also increases when the rock specimen is damaged. These characteristics of the AE signal associated with the change in intermediate principal stress can be attributed to the following reasons. First, the increase in intermediate principal stress increases the compressive strength of the rock, thereby further increasing the acoustic signal threshold during the development of cracks and leading to the increase in the AE signal value. In addition, as the intermediate principal stress increases, the strength of the rock specimen also increases. This leads to higher peak stress during specimen failure and a more vigorous failure process, resulting in a higher AE signal value.
[image: Figure 10]FIGURE 10 | Comparison of signal values between frequent and sudden increase periods under different intermediate principal stresses. (A) Ringing count rate. (B) Absolute energy.
The occurrence moment and clarity of the frequent period control the reliability and priority of the precursor information. The above analysis of AE periods shows that the duration of frequency period is influenced by the magnitude of the intermediate principal stress. The higher the intermediate principal stress, the longer the AE frequency period, indicating that the first occurrence of the AE frequency period is longer from the moment of specimen failure. When the intermediate principal stress increases, both the average and maximum values of the AE signal during the frequency period increase, which greatly enhance the recognition effectiveness of AE precursor information. This shows that the reliability and priority of the AE precursor information increases with increasing intermediate principal stresses.
4 DISCUSSION
The sudden increase in AE indicates that the rock specimen failure approaches, and the precursor information is obtained from the change in acoustic signal inside the rock. According to the theory of the thermoelastic effect, when an object is subjected to tensile stress, the object will release energy and its temperature will decrease. On the contrary, when it is subjected to compressive stress, the object will absorb energy with a temperature increase. Thermal infrared remote sensing technology can record thermal infrared information of specimens, which is utilized to explore and capture the characteristics of precursor information (Lou and He, 2018; Ma and Sun, 2018; Yin et al., 2021; Li et al., 2022). AE obtains precursor information from the interior of the rock, while thermal infrared imaging collects the information mainly from the rock surface. Therefore, this study investigates the precursor information of rock failure using both approaches.
Specifically, the AE monitoring of the true triaxial test was conducted and the FLIRSC305 infrared thermal imaging camera was also used to monitor the thermal image changes throughout the whole process. With these supports, the AE characteristics and thermal image anomaly evolution of the specimen failure process under different intermediate principal stress conditions were analyzed. The representative analysis results of red sandstone under 60 MPa are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Morphological characteristics of rock fracture and the evolution of thermal infrared thermography of rock failure. (A) Thermal infrared image evolution under the unloading test on rock specimen. (B) Rock fracture morphology.
Figure 11A shows the evolution of the thermal infrared image on the unloading specimen free face when the intermediate principal stress is 60 MPa. It is clear that the first thermal abnormality that covers an area of 1.8 cm2 appears 13 s before the specimen failure, and then gradually expands to a maximum of about 45 cm2 before failure. Compared to the bright high temperature patches appeared under the previous smaller intermediate principal stress condition, the area under 60 MPa stress is larger and longer, with a broader development area. Figure 11B shows the fracture morphology of the rock at an intermediate principal stress of 60 MPa. The whole of the free face is ejected, forming a rupture surface of comparable size to the free face. The shear fracture zones on the left and right sides of the rock specimen are mainly “V” shaped and diagonally penetrated, with feather cracks in the diagonally penetrated shear zone, which are distributed around the shear zone and are secondary to the extrusive friction that occurs in the shear zone. The integrity of the back of the specimen is good after failure.
The results show that as the intermediate principal stress increases, the thermal abnormality appears earlier, the pre-failure maximum thermal abnormality area increases, and the recognition effectiveness of the thermal image precursor information also increases accordingly. During the thermal abnormality expansion process, the thermal image abnormality spans a large area, indicating that the main factor leading to the differential change of the thermal image precursor information is the change of the intermediate principal stress, while the unloading is less dominant in the process.
Table 3 shows the comparative analysis of the occurrence time of the AE and thermal infrared precursors under different intermediate principal stresses. It is notable that the thermal infrared image precursors appear the latest and are the closest to the moment of specimen failure. By comparison, the AE precursors appear the earliest and are the first response to rock failure. Overall, AE precursors appear prior to the thermal infrared precursors. The energy and ringing count rates of AE are similar, without showing a clear order of occurrence time. The above time difference can be attributed to the following reasons: 1) Thermal infrared image anomalies are caused by temperature changes on rock surface, and only when the temperature change amount reaches the threshold will it result in visibly anomalous changes in the thermal image 2) The frequent period of AE is caused by the sudden increase of the acoustic signal inside the rock, suggesting that a large number of microcracks have already developed inside the rock. Compared with the thermal infrared precursors, the AE ones are closer to the moment of rock failure. 3) Due to the unloading-triggered disturbance, the occurrence time of the frequent periods of AE ring count rate and energy shows no clear regularity. Furthermore, the duration of the two frequent periods is highly similar under low intermediate principal stress conditions, while the duration of the energy frequent period is slightly earlier when the intermediate principal stress increases.
TABLE 3 | Occurrence time analysis of AE precursors compared with thermal infrared precursors under different intermediate principal stresses.
[image: Table 3]During the true triaxial loading and unloading test, the thermal imaging camera was used to monitor the temperature change-induced thermal abnormality on the unloading surface in order to warn rock failure. Meanwhile, AE instruments monitor the acoustic signal changes inside the rock to warn rock failure.
By fitting both AE and thermal infrared precursor information to the red sandstone at different intermediate principal stresses, linear relationships of time advanced and intermediate principal stresses for thermal infrared images, AE ringing count rate, and AE energy were obtained, and the final fitted equations were written as (Figure 12):
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where t is the time advanced and σ2 denotes the intermediate principal stress.
[image: Figure 12]FIGURE 12 | Fitting of AE and thermal infrared precursors for different intermediate principal stresses. (A) Thermal infrared imaging. (B) AE ringing count rate. (C) AE energy.
5 CONCLUSION
In this study, true triaxial unloading tests were conducted on red sandstone specimens under different intermediate principal stresses to analyze their AE characteristics, focusing on deciphering the corresponding relationship between failure precursors and different AE signals during the failure process. Furthermore, the AE precursor information are compared with the thermal infrared precursor information, and the following conclusions were obtained.
The characteristic curve of AE parameters has obvious phased characteristics. Both AE ringing count rate and energy versus time curves show four periods (i.e., quiet, frequent, sudden increase and decline periods). In addition, the cumulative count curve is divided into four periods, that is, pre-unloading period, post-unloading period, sharp increase period and the final decrease period.
The AE precursor information is mainly manifested by the frequent period and the sharp increase period in the cumulative counting process. Notably, as the intermediate principal stress increases, the frequent period of AE appears earlier with increased AE signal values. The sharp increase period also occurs earlier with increasing intermediate principal stress.
As the intermediate principal stress increases, the area of the anomalous patches of thermal infrared image increases, the first occurrence time of thermal infrared image becomes earlier, and the pre-failure maximum anomalous area of the specimen also increases. By comparing the thermal infrared and AE precursor information, it is prominent that the latter occurs prior to the former.
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Among the methods of landslide treatment, anti-slide piles are an effective measure. The soil arching effect cannot be ignored in the design of anti-slide piles, which has a significant impact on the supporting. Based on the field investigation, this paper selects the Xinyan landslide in Yanbian area of Jilin Province and uses Flac-3D to build a numerical model to simulate its soil arching effect with different pile arrangements. The simulation results show that the pile arrangement has a significant influence on the soil arching effect. When arranging piles in parallel, the soil arches between the front and rear rows of piles are distributed parallel to each other. When arranging piles in quincunx-shape, the soil arches between the rear rows of piles are the same as when laying piles in parallel. The soil between the piles flows around once when the piles are laid out in parallel, while it flows around twice when the piles are laid out in a quincunx-shape. The latter has better support than the former.
Keywords: anti-slide pile, soil arching effect, landslide, double-row piles, pile arrangements
INTRODUCTION
Landslide is a natural phenomenon in which the shear strength of the rock-soil mass on a slope is reduced by environmental influence and slides along a soft surface or weak zone towards the front of the slope as a whole or in pieces under the action of gravity. With the continuous growth of global population and the gradual extension of human activities (Zhang et al., 2023a), landslide disasters are occurring more frequently and causing more serious loss of life and property. Therefore, according to the engineering geological characteristics of rock-soil mass in landslide areas, it is of great practical significance for the safety of people and properties to study the genetic mechanism of landslides and develop reasonable support design to improve the stability of slopes (Ukleja, 2020; Zhu et al., 2021; Zhang et al., 2023b).
Several principles of landslide management were summarized through years of engineering experience: Several principles of landslide management were summarized through years of engineering experience: 1) find out the history of landslide occurrence, the current situation and engineering geological characteristics (Jimenez-Peralvarez, 2018); 2) try to avoid landslide areas or pre-reinforcement (Zhang et al., 2021); 3) eliminate landslide hazards at once to avoid repeated treatment (Tiranti and Cremonini, 2019); 4) if the scale of landslides is large, the overall planning should be done; 5) timely management in the early development period of landslide (Yin et al., 2014); 6) to ensure the premise of safety to minimize the cost of the project (Martin et al., 2021); 7) to take effective design solutions and scientific and efficient construction (Cui et al., 2022); 8) Form a dynamic response mechanism to ensure dynamic design and dynamic construction (He et al., 2008; Wang et al., 2022b); 9) focus on inspection, repair and maintenance of facilities (Liao et al., 2022).
The main methods of landslide management include bypassing (Bhasin and Aarset, 2020), drainage (Haugen, 2017; Wang G. et al., 2022) and mechanical balance (Du et al., 2021). The Xinyan landslide is an existing road slide, which cannot be rerouted. The cost of using culvert or bridge solution is too high, and the method of chemical improvement is technically complex, difficult and costly. Therefore, a combination of drainage and mechanical balance is chosen to ensure complete management of the Xinyan landslide.
Among the methods of landslide treatment, anti-slide piles are an effective measure (Zhang, 2000). Earlier, when calculating the load distribution of anti-slide pile, the pile group is usually simplified to single pile for force analysis. However, the anti-slide pile interacts with the soil between the piles, i.e., there is an arching effect, which makes the stress migrate from the soil to the pile, so that the anti-slip pile acts as an obstacle to sliding, and the corresponding stress characteristics of pile become more complex (Xia et al., 2008). Therefore, the formation mechanism and influencing factors of soil arching effect must be studied in depth in order to improve the supporting of anti-slide pile on landslide and to obtain more accurate load distribution characteristics of pile (Zheng, 2005).
The current research focuses on the influence factors of soil arch, such as pile spacing and material parameters between piles and soil, but not enough research on the arrangement of piles (Liang et al., 2020). Therefore, this paper selects the Xinyan landslide in Yanbian area of Jilin Province, which is an expansive rock slope, establishes the three-dimensional model of the Xinyan landslide, and simulates the effect of pile arrangements of anti-slide piles on the soil arching effect between piles. The overall three-dimensional model avoids the disadvantages of the two-dimensional plane model and the partial three-dimensional model of insufficient consideration of spatial and boundary effects, making the simulation study results more accurate and reliable.
DATA AND METHOD
Date
The Xinyan slide is located within pile number K58 + 750 to K59 + 030 of the under-construction Wangyan highway, and the filling subgrade at the bottom of the highway is cut through by the Xinyan slide body (location and overall topography of the landslide is shown in Figure 1). The plane morphology of the slide body is spindle-shaped, with a long axis length of about 230 m and a short axis length of about 110 m. The intersection angle between the main sliding direction (113°) and the extension direction of Wangyan highway is about 60°. The landslide plane area is about 1.7×104 m2, the slope height is about 15 m, the average thickness of the slide body is about 8 m, and the total volume of the slide body is about 1.36×105 m3. The slide material composition from top to bottom is fill, silty clay, fully weathered mudstone and sandstone respectively.
[image: Figure 1]FIGURE 1 | Location and overall topography of Xinyan landslide.
Method
For the soil arch effect, the theory that the residual sliding force at the rear of the pile is borne by the soil arch behind the pile was propose by Chang (1998). On this basis, Zhou et al. (2004) derived the mechanical model of the soil arch behind the pile by considering the static balance of shear strength and sliding force of the soil in the triangular compression zone behind the piles (Zhou et al., 2009). The calculation model is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Simplified model of soil arching.
In the Figure 2, S is the net distance between adjacent anti-slide piles, t is the section thickness of the soil arch, r is the height of the soil arch, q is the residual sliding force (assumed as uniform force) at the rear of the pile, Fx and Fy are the reaction forces at the end of the soil arch, and the equation of the soil arch axis is:
[image: image]
In Equation 1, [image: image], where L is the distance between the centers of the adjacent piles, and the reaction force at the end of the arch is:
[image: image]
In Equation 2, [image: image] is:
[image: image]
In Equation 3, [image: image], where [image: image] , [image: image] are:
[image: image]
In Equation 4, [image: image]
The following conditions should be satisfied during the model calculation:
(1) The model should satisfy the static balance, and the side friction of the pile should not be less than the pressure on the soil arch.
(2) The model should satisfy the strength conditions of the soil arch on dangerous section, and the maximum value of sectional stress should not be greater than the allowable value.
(3) The model should satisfy the triangular compression zone is not damaged, and anti-slide piles need to provide the arch foot (Figure 3).
[image: Figure 3]FIGURE 3 | Illustration of the arch foot compression.
According to the geometric characteristics of the triangular compression zone at the arch foot, the calculated expression of the pile spacing can be obtained as:
[image: image]
where b is the width of the pile, c is the cohesion, φ is the internal friction angle, α is the base angle of the triangle.
RESULTS
According to the genetic mechanism of the Xinyan landslide, anchor cable, anti-slide pile and pressure foot treatment measures were developed for the influencing factors of the landslide, and combined with the drainage of the slope surface and slope body. All three methods can improve the landslide stability. There are many methods for predicting slope stability (Wang et al., 2022a), and the highest values of 39.79%, 43.13%, and 85.28% are improved respectively by using Janbu, Sarma, and Morgenstern-Price method to calculate the safety coefficients of the three known profiles after treatment in this paper (Shanguan, 2014). Anti-slide piles have the advantages of large anti-slide capacity, good support effect, flexible setting and small disturbance to the slide, which is one of the common methods for landslide management.
This paper mainly studies the soil arching effect of anti-slide pile, so the modeling process is based on the geological characteristics of the Xinyan landslide area, and the Flac-3D software is used to build the landslide 3D model (Figure 4). The model is used to study the soil arching effect between piles at different positions, and focuses on the influence of double-row piles arrangements on soil arching effect. The values of material parameters in the model are shown in Table 1.
[image: Figure 4]FIGURE 4 | Illustration of 3D model and mesh subdivision: (A) Side view; (B) Plan view; (C) Cutaway view.
TABLE 1 | The values of material parameters in the model.
[image: Table 1]To avoid the effect of boundary constraint, the extent of the model boundary should be two times the extent of the studied landslide. Therefore, the model area is 445 m long in the y-direction and 500 m long in the x-direction. The boundary of the mechanical model is constrained on the left and right sides (x-direction), with horizontal constraints on the front and rear sides (y-direction), vertical constraints on the undersurface (z-direction), and no constraints on the superface. Considering that the neotectonic movement of the tectonic stress at the location of the Xinyan landslide is not active, and that the stratum there is mainly composed of fill, fully weathered fine sandstone and clay rock, such rock-soil mass is not enough to store the in-situ stress. Therefore, when considering the initial stress field of the model, only the effect of the gravity field is considered, and the tectonic stress field is not considered (Shanguan, 2014). All the constitutive models of rock-soil mass are used the Moore-Coulomb model, and the elasticity model is used for the anti-slide piles. The subdivision elements are tetrahedral elements, and the elements get larger gradually from top to bottom.
The cross-sectional form of double-row anti-slide piles is circular, which is divided into parallel arrangement and quincunx arrangement. Pile diameter d) is 2.5 m, pile distance (L=8d) is 20 m, and pile row distance (L’=3d) is 7.5 m, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Different pile arrangements of double-row anti-slide pile: (A) Parallel arrangement; (B) Quincunx arrangement.
DISCUSSION
Stress distribution of soil between piles
When the anti-slide pile passes through the landslide layer, the sliding displacement of the soil between the piles is larger and the soil arch effect is significant, which bears most of the load. Therefore, the plane at a depth of 22.6 m is chosen to observe the soil stress distribution between the piles. Stress distribution ([image: image]) under different pile arrangements is shown in Figure 6. The dark blue area in the graph indicates greater stress and the orange area indicates less stress. From the rear to the front of the pile, the stress decreases gradually. The stress is small near the pile and it is large at both sides behind the pile, the stress at the back of the pile on both sides is large, and the stress distribution shows an arch shape. In the two arrangement forms, the radius of curvature of the soil arch line behind the rear row of piles is larger, while the radius is smaller behind the front row. The soil arching effect between the rear row piles is relatively obvious, and the soil arch effect is limited by the occlusion in the front row piles. Comparing the two arrangement forms, the soil arches between the front and rear rows of piles are distributed parallel to each other when the double-row piles are laid in parallel, and the soil arch is generated between two adjacent piles in the same row. The soil arch between the rear row piles is the same as the parallel arrangement in the double-row quincunx arrangement, while the soil arch between the front row piles is not between the two adjacent piles in the front row, but between the front row piles and the rear row piles, and the arch axis skews crossing the arch axis of the rear row piles at an angle. Two small soil arches are formed between the front row pile and the two adjacent rear row piles, which form a triangle with the soil arch between the rear row piles, and prevent the soil between the piles from sliding toward the front of the slope. Assuming that the distance between two arch feet is the arch length, the arch length of the soil arch between the piles is 2L with the parallel arrangement, while the arch length is [image: image], with the quincunx arrangement. If the soil arch effect is evaluated only by the arch length without considering other factors, the soil arching effect with quincunx arrangement is more obvious than that with parallel arrangement.
[image: Figure 6]FIGURE 6 | Stress distribution with different pile arrangements: (A) Parallel arrangement; (B) Quincunx arrangement.
Displacement distribution of soil between piles
Figure 7 shows the horizontal (y-direction) displacement distribution of soil between piles under different pile arrangements. The blue area in the graph indicates smaller displacement and the red area indicates larger displacement. The displacement of the soil from the rear piles to the front piles gradually decreases, and the displacement in the middle is large and small on both sides. The shape is distributed in an arch convex to the front of the pile, which is the displacement arch. Compared with the parallel arrangement, the soil displacement between piles is smaller in quincunx arrangement, and the soil displacement between piles decreases faster from the rear row piles to the front row piles.
[image: Figure 7]FIGURE 7 | Displacement distribution in y-direction with different pile arrangements: (A) Parallel arrangement; (B) Quincunx arrangement.
Figure 8 shows the x-direction displacement distribution of soil between piles under different pile arrangements. The blue area indicates larger displacement in the x-negative direction, the red area indicates larger displacement in the x-positive direction, and the green area indicates smaller displacement and close to zero in the x-direction. the x-direction displacement of the soil on the side of the pile is larger while the x-direction displacement of the soil between the piles is small and close to zero with parallel arrangement. The soil displacement is mainly in the y-direction of the vertical pile center line, while the x-direction displacement at the pile side of the front row piles is significantly reduced compared with the rear row piles. Large x-directional displacements occur in the soil on the side of both the front and rear rows piles with the quincunx arrangement.
[image: Figure 8]FIGURE 8 | Displacement distribution in x-direction with different pile arrangements: (A) Parallel arrangement; (B) Quincunx arrangement.
Anti-slide piles are arranged in vertical sliding direction, when the soil is prevented from moving behind the piles to the front of the piles by the anti-slide piles, it will flow around both sides. The soil mainly flows around the rear row piles, and most of the soil only flows around once in the process of moving to the front slope with parallel arrangement, while the soil flows around the front and rear rows piles, and most of the soil needs to flow around twice to reach the front slope with quincunx arrangement. Therefore, the quincunx pile arrangement is more conducive to stopping the forward creep slipping of the soil between the piles.
The quincunx arrangement can effectively stop the soil between piles from sliding toward the front of the slope, mainly because the quincunx arrangement indirectly shortens the pile distance. According to previous research results (Wang, 2005), the influence of pile distance on soil arching effect is most significant, so any method that can directly or indirectly shorten pile distance can effectively enhance the soil arching effect between piles.
Load sharing ratio of pile with two pile arrangements
The load sharing ratio of piles is an important indicator of the soil arching effect (Cao and Meng, 2012). For the double-row piles, the front and rear rows piles and the soil between the rows form a whole and resist the residual sliding force of the landslide together (Wu and Zhang, 2007). The load sharing ratio among the three is important for the effect of double-row anti-slide piles to reinforce the slope and design safe and economical anti-slide piles. The anti-slide pile within a depth of 6 m is located within the slip body, which bears most of the load. Due to the soil in front of the piles being less at a depth of 2 m and above, the horizontal cross-sections at depth of 3 m, 4 m, 5 m and 6 m are chosen to calculate the load sharing ratio of the front and rear rows piles and soil between piles (Table 2).
TABLE 2 | The load sharing ratio of the front and rear rows piles and soil between piles.
[image: Table 2]Table 3 shows the load sharing ratio of double-row anti-slide piles in parallel and quincunx arrangements. The maximum value of load sharing ratio for quincunx arrangement appears at a depth of 3 m as 76%, the maximum value for parallel arrangement appears at a depth of 4 m as 69%, and the average value for both is 67.25% and 60%. Both the maximum and average values of quincunx arrangement are larger than parallel arrangement, so the quincunx arrangement is conducive to the soil arching effect, which makes more residual sliding force to migrate to the pile body.
TABLE 3 | The load sharing ratio of the whole piles.
[image: Table 3]From Table 2 and Table 3, the load sharing ratio of front and rear piles is different with increasing depth, the load in depth 3–5 m is mainly borne by rear piles, while the load in depth 5–6 m is mainly borne by front piles. But the load sharing ratio of rear piles is greater than that of front piles, the design should improve the strength of rear piles, increase the reinforcement, or reduce the diameter of front piles appropriately. The load sharing ratio of the row piles is greater than that of the parallel arrangement in the quincunx arrangement, and the load sharing ratio of the front row of piles is similar in both cases. The soil between the rows in the quincunx arrangement bears little load, while the soil between the rows in the parallel arrangement bears a larger load, so that the anti-slide force provided by the soil between the piles can be used as a safety reserve to improve the safety factor of the slope.
CONCLUSION
Due to the expansibility of the rock-soil mass of the Xinyan landslide, its sliding damage is influenced by a variety of factors. In this paper, based on the anti-slide pile reinforcement scheme of the Xinyan landslide, a three-dimensional model was established by FLAC-3D to simulate the soil arching effect between piles with different arrangements of double-row piles, the following conclusions are drawn:
(1) The soil arch is generated between two adjacent piles in the same row and parallel to each other in parallel arrangement; while it is generated between the front row pile and the adjacent rear piles in quincunx arrangement.
(2) The soil flows around the piles only once in parallel arrangement, while it flows around piles twice in quincunx arrangement, which is more conducive to stopping the creep slipping of the soil between the piles.
(3) When piles are arranged in double rows, the rear row piles bear a greater load than the front row piles. Compared with parallel arrangement, the load sharing ratio of rear pile is greater and the support effect is better with quincunx arrangement.
(4) In this paper, the study of soil arch effect is limited to numerical simulation analysis, which makes the deviation between simulated and real values. The next research will focus on establishing a physical model of the landslide and adjusting the numerical model through physical model tests to making the simulation results closer to the real values.
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In the freezing process, the soil is accompanied by heat conduction, heat release for ice-water phase change, phase change interface movement, and a change in thermal diffusion coefficient, which is a complex nonlinear problem and is hard to solve. This study uses the enthalpy method to establish a unified control equation for heat conduction in the entire calculation region (including the solid-phase zone, liquid-phase zone, and phase change interface). It solves the equation numerically, relying on the D2Q4 model of the lattice Boltzmann method, and determines the evolution of the temperature field and solid-liquid phase change interface position with time. The trends in the soil’s temperature field evolution and freezing front movement under unilateral and bilateral cold sources are discussed using an example from an artificial freezing project. The results show that when −10°C is taken as the limit for freezing wall temperature, the freezing wall thickness developed at 5, 10, 20, 30, and 40 days under the unilateral cold source is 0.24, 0.33, 0.47, 0.57, and 0.66 m, respectively. The overall temperature in the soil drops below −13.6°C and −26.4°C at 35 days and 45 days under the bilateral cold sources. These values can provide a basis for engineering design.
Keywords: lattice Boltzmann method, enthalpy method, temperature field, freezing soil, numerical simulation
1 INTRODUCTION
In building underground projects, the heat conduction problem accompanied by phase change frequently occurs, such as in tunnelling projects in cold areas (Hunag et al., 1986), constructing underground projects, including subways (Van Dorst, 2013), artificial freezing reinforcement of soil during shaft sinking at mine (Levin et al., 2021), treatment of underground repositories of permanently isolated radioactive waste (Jing et al., 1995), and others. If the development mechanism of the temperature field of the geotechnical materials in the freezing process cannot be comprehended in engineering practice, it will seriously affect the project’s safety and directly or indirectly cause significant economic losses. For example, a shaft submergence accident occurred in an auxiliary shaft of Huainan Xieqiao Mining Area due to the freezing tube fracture, resulting in direct economic losses of over 10 million yuan. Repeated water-bursting accidents happened during excavation in a concealed excavation tunnel in Shenzhen because of a frozen wall connection failure. Due to the water gushing at the frozen wall in the intermediate wind well in the tunnel of Shanghai Metro Line 4, a severe surface collapse occurred, and the entire tunnel was destroyed by Huangpu River water gushing, resulting in an economic loss of nearly 150 million yuan. Therefore, a systematic and in-depth study of the development trends of the solid-liquid phase change interface, and the evolution of the temperature field during the soil freezing process, can provide a valuable technical foundation for projects associated with soil freezing. This has significant value for theoretical research and offers broad engineering application prospects.
When soil water condenses into ice and forms a solid-liquid phase change interface, heat will be released at the interface, and the interface will move continuously with time during freezing. Thus, the heat conduction problem with phase change is highly nonlinear. Due to the nonlinear nature of the phase change system at its moving interfaces, it is difficult to predict its behaviour, and no rigorous theory can be developed (Rabin and Korin, 1993; Costa et al., 1998). A large number of practical engineering problems are often solved with the assistance of numerical algorithms. In dealing with phase change boundaries, current computational methods include the heat capacity (Rabin and Korin, 1993; Alva et al., 2006), Kirchhoff transformation (Voller et al., 1990), and enthalpy methods (Costa et al., 1998; Jiaung et al., 2001; Miller and Succi, 2002; Eshraghi and Felicelli, 2012). In dealing with phase change interfaces, the enthalpy approach has been widely used because of its advantages, such as clear physical meaning, no need to trace the interface, and ease of numerical calculation. The lattice Boltzmann method is a mesoscopic numerical calculation technique that can establish the relation between macroscopic and microscopic computations in numerical simulation of heat conduction. The method core is to establish a bridge between the microscopic and macroscopic scales. It does not need to consider the motion law of individual particles but instead considers the motion of all particles as a whole and describes their overall macroscopic motion characteristics using the distribution function. Due to its clear physical concepts, ease in dealing with complex boundaries, simple implementation of procedures, and suitability for parallel computation, it has gained increasing attention for phase change heat conduction problems. Jiaung et al. (Jiaung et al., 2001) improved the lattice Boltzmann model using the enthalpy method to simulate the heat conduction problem associated with solid-liquid phase changes. Miller and Succi (Miller and Succi, 2002) simulated two-dimensional crystal solidification and dendrite growth by introducing a time-dependent phase change fraction. Eshraghi and Felicelli (Eshraghi and Felicelli, 2012) developed an implicit lattice Boltzmann model for phase change heat conduction using the D2Q9 model and considering different boundary conditions.
By combining the enthalpy method and the lattice Boltzmann method, the strengths of both approaches can be leveraged, enhancing the accuracy and reliability of heat conduction studies in soil. Both the enthalpy method and the lattice Boltzmann method are capable of dealing with intricate geometries and boundary conditions. This enables more precise simulations of heat conduction in soil with complex structures and spatial heterogeneity. The lattice Boltzmann method inherently lends itself to parallel computing. When combined with the enthalpy method, the parallel computing advantage can be further exploited, accelerating the computational speed of heat conduction simulations and improving efficiency. The enthalpy and lattice Boltzmann methods allow for modeling at different scales. Their combination enables multiscale heat conduction simulations, encompassing various scales from micro to macro, facilitating a comprehensive understanding of heat transfer behavior in soil.
This study uses the lattice Boltzmann model relying on the enthalpy method to transform the heat conduction problem solved by partitioning it into a nonlinear heat conduction problem with a phase change over the entire region. The enthalpy method establishes a unified control equation for the entire computational region (solid-phase zone, liquid-phase zone, and solid-liquid phase change interface). The heat conduction equation with phase change is solved numerically in the discrete calculation region utilizing the lattice Boltzmann method. The temperature field and the solid-liquid phase change interface’s position are derived as a time function based on the relationship between enthalpy and temperature. The calculation method validity is verified by combining the Neumann solution of the semi-infinite space solid-liquid phase change heat conduction problem. Finally, trends of temperature field evolution and freezing front movement in the soil under unilateral and bilateral cold sources are discussed using an example from an artificial freezing project.
2 MATERIALS AND METHODS
2.1 Physical model of soil freezing
In order to study the temperature field evolution in the soil during freezing and the movement trend of the freezing front, a schematic diagram of the freezing model for the soil’s solid-liquid phase in a semi-infinite region is established (Figure 1), where the X-axis direction represents the soil’s freezing direction; [image: image] is the length of the freezing influence range; the adiabatic boundary is located at [image: image]; [image: image] is the constant cold source temperature; [image: image] is the soil’s freezing temperature; [image: image] is the soil’s initial temperature; [image: image] is the location of the interface for the solid-liquid phase change in the soil.
[image: Figure 1]FIGURE 1 | Schematic diagram of the soil’s solid-liquid phase freezing model in a semi-infinite region.
2.1.1 Basic assumptions
In order to numerically solve the heat conduction equation while considering the phase change, the following basic assumptions were made: 1) The soil was considered a homogeneous isotropic continuous medium, which was divided into solid and liquid phase zones according to the physical state of the internal moisture. The thermophysical parameters of each phase zone were fixed at constant values and were made independent of the temperature; 2) The effects of moisture migration, soil frost heaving, and stress field change were ignored. Whereas the heat conduction effect during the freezing process was only considered; 3) The heat conduction and the movement of the phase change interface during the soil’s freezing process are along a single direction; 4) The effect of the solid-liquid phase change interface’s thickness in the soil body is not considered; 5) The soil’s freezing temperature is constant. Besides, the freezing process was completed instantaneously, ignoring its physical evolution process.
2.1.2 Mathematical equations
The mathematical equation for the temperature field evolution can be simplified according to the temperature-induced change in the physical state of water in the soil, which is divided into the solid-phase zone and liquid-phase zones (Ozisik, 1993) as follows:
Solid-phase zone:
[image: image]
Liquid-phase zone:
[image: image]
where [image: image] and [image: image] are the soil’s temperatures in the solid-phase zone and liquid-phase zone, respectively; [image: image] and [image: image] are the thermal diffusion coefficients of the soil in the solid-phase zone and liquid-phase zone, respectively, in which [image: image], where [image: image] is the density, [image: image] is the specific heat capacity, and [image: image] is the thermal conductivity that can be obtained from the volume fraction of water (or ice), soil particles, and air in the soil and their respective thermophysical parameters (Radoslwa et al., 2006); [image: image] is the freezing time.
2.1.3 The enthalpy method model
In order to study the movement process for the phase change interface during soil freezing, the enthalpy parameter was introduced into the heat conduction equation according to the enthalpy model proposed by Shamsundar and Sparrow (Shamsundar and Sparrow, 1975) as follows:
[image: image]
where [image: image] is the enthalpy; [image: image] is the soil’s specific heat capacity, which is assumed to not change with temperature; [image: image] can be expressed as:
[image: image]
where [image: image] is the liquid-phase fraction, in which [image: image] in the liquid phase and [image: image] in the solid phase.
Substituting Eq. 4 into Eq. 5 yields the following:
[image: image]
Comparing Eq. 5 to the heat conduction in Eqs. 1, 2, it can be seen that Eq. 5 adds a source term related to the latent heat of the phase change [image: image] in the heat conduction equation.
When the soil’s freezing temperature is a constant value [image: image], the relationship between the liquid-phase fraction and the enthalpy can be defined as follows:
[image: image]
2.1.4 Boundary conditions
The temperature of the soil’s cold source can be defined as follows:
[image: image]
The soil body has a constant initial temperature that is defined as follows:
[image: image]
At the solid-liquid phase change interface [image: image]:
[image: image]
[image: image]
2.1.5 Dimensionless processing
In order to simplify the calculation, the soil’s heat conduction equation and the corresponding boundary conditions are normalized as follows:
[image: image]
where [image: image] is the dimensionless length; [image: image] is the dimensionless solid-liquid phase change position; [image: image] is the dimensionless time; [image: image] is the dimensionless temperature.
Substituting Eq. 11 into Eqs. 1, 2 yields the following:
Solid-phase zone:
[image: image]
Liquid-phase zone:
[image: image]
The corresponding boundary condition transformations are cold source temperature [image: image] and initial temperature [image: image].
The following equations are valid at the solid-liquid phase change interface [image: image]:
[image: image]
[image: image]
where [image: image] is the Stephen number, a dimensionless quantity that is related to the phase change process, [image: image].
2.2 Lattice Boltzmann model based on the enthalpy method
2.2.1 Lattice Boltzmann model
In this study, the temperature in the macroscopic heat conduction equation is taken as a scalar, and the D2Q4 model proposed by Qian et al. (Qian et al., 1992) is used for the soil’s temperature field evolution process during freezing (Figure 2). The time evolution of the particle temperature distribution function [image: image] can be expressed by the discrete lattice Boltzmann equation in the form of BGK (Bhatnagar, Gross, and Krook) as:
[image: image]
where [image: image] is the particle temperature distribution function along direction [image: image] at lattice point [image: image] and moment [image: image]; [image: image] is the discrete velocity, which consists of a set of velocity vectors in four directions defined as follows:
[image: image]
where [image: image] is the lattice velocity, [image: image]; [image: image] and [image: image] are the discrete lattice step and time step, respectively; [image: image] is the dimensionless relaxation time, in which a stable solution is usually obtained for [image: image] (Sukop and Thorne, 2006); [image: image] is the equilibrium state distribution function. Since the convection effect was not considered in the soil freezing process, the D2Q4 model [image: image] can be expressed by the following equation:
[image: image]
where [image: image] is the weight factor, [image: image].
[image: Figure 2]FIGURE 2 | Schematic showing the 4 discrete velocity directions in the D2Q4 model.
The discrete source term [image: image] in Eq. 16 is defined as:
[image: image]
where [image: image] can be obtained from Eq. 5 as:
[image: image]
Substituting Eqs. 18, 19, and 20 into Eq. 16, the final discrete lattice Boltzmann equation for the freezing process of the soil is obtained as follows:
[image: image]
In this study, Eq. 21 was implemented in two steps for the convenience of the programming calculations. These steps are as follows:
(1) Collision
[image: image]
(2) Migration
[image: image]
Based on the Chapman-Enskog multiscale expansion method, the lattice Boltzmann Eq. 21 can be reduced to Eq. 5 that contains the phase change by considering the relationship between the macroscopic temperature [image: image] and the particle temperature distribution function (i.e., [image: image]). The expression for the thermal diffusion coefficient [image: image] was obtained (Mohamad, 2011) as follows:
[image: image]
where [image: image] is the lattice speed of sound. For the D2Q4 model, [image: image].
Since the soil’s thermal diffusion coefficients in the liquid and solid phase zones during freezing soil differ, the relaxation times also vary. In this paper, the variation of the variable relaxation time with the liquid-phase fraction was considered and set according to the thermal diffusion coefficients of different phases as follows:
[image: image]
The soil’s thermal diffusion coefficient is found according to the percentage of the liquid phase fraction among different phases. Consequently, a unified equation can solve the thermal diffusion coefficient of different phases according to the changes in liquid phase fraction. During the numerical calculation, the relaxation time is obtained from Eq. 25, which is then brought into Eq. 16 for the evolution of the temperature field.
2.2.2 Boundary conditions
Accurate simulation of the boundary conditions is an important part of the numerical calculation that significantly influences accuracy, efficiency, and stability. The following determines the corresponding particle temperature distribution functions according to the macroscopic boundary conditions:
(1) Initial conditions
Assuming that the temperature of the soil body at the initial moment is constant [image: image], and the particle temperature distribution function at each grid point is in equilibrium, then:
[image: image]
(2) Boundary conditions
The non-equilibrium state extrapolation format proposed by Guo et al. (Guo et al., 2002) was used to handle the seepage field boundary of the soil. For the temperature field boundary, there is no essential difference between the two in terms of application (Yong et al., 2009; Gao et al., 2014). This method produces the distribution function with overall second-order accuracy. The basic idea is that the particle temperature distribution function [image: image] on the boundary lattice point [image: image] can be decomposed into two parts: the equilibrium state [image: image] and the non-equilibrium state [image: image], that is:
[image: image]
For the equilibrium part [image: image], the cold source constant temperature boundary (temperature is always [image: image]) can be obtained from Eq. 18. The adiabatic boundary can be taken as [image: image] with its neighbouring grid point [image: image]. The solution of the non-equilibrium part [image: image] is complicated. However, the calculation can be simplified by approximating [image: image] of the adjacent lattice points in the temperature field as follows:
[image: image]
2.2.3 Unit conversions
The program’s parameters are typically taken in lattice units during the numerical calculation of the lattice Boltzmann method. In contrast, physical problems are usually taken in physical units. Hence, a conversion relationship between physical and lattice units must be established. For this purpose, all physical and lattice units involved in the calculation must be dimensionless separately to ensure that the heat conduction criterion before and after dimensionless processing remains the same. Accordingly, a dimensionless parameter was used as a connection bridge to realize the unit conversion between the physical and lattice units.
Based on the dimensionless time, the relationship between the physical time t and the lattice time step can be established as follows:
[image: image]
where [image: image] and [image: image] are the thermal diffusion coefficients of the physical and lattice units, respectively; [image: image] and [image: image] are the times of the physical and lattice units, respectively ([image: image], where [image: image] is the number of calculation time steps); [image: image] and [image: image] are the reference lengths of physical and lattice units, respectively.
If [image: image] is the length of the whole calculation domain, then [image: image], where [image: image] is the number of lattices in the calculation domain.
The correspondence between the physical unit phase change parameters (latent heat of phase change [image: image], specific heat capacity [image: image] and the lattice unit can be established by combining the dimensionless temperature based on the dimensionless [image: image] number as follows:
[image: image]
where [image: image] and [image: image] are the specific heat capacities of the physical and lattice units, respectively; [image: image] and [image: image] are the latent heats of phase change in the physical and lattice units, respectively; [image: image] and [image: image] are the phase change temperatures of the physical and lattice units, respectively; [image: image] and [image: image] are the cold source temperatures of the physical and lattice units, respectively.
2.2.4 Flow chart of the calculation procedure
In this study, a lattice Boltzmann model based on the enthalpy method is established, and the corresponding calculation procedure is prepared by considering the effects of heat conduction, latent heat release from solid-liquid phase change, and phase change interface movement in the soil’s freezing process. The adopted flowchart is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Flowchart of the program for investigating soil freezing.
3 RESULTS
3.1 Algorithm validation
In order to verify the accuracy and rationality of this numerical calculation method, the Neumann solution of the unidirectional solid-liquid phase change heat conduction process in a semi-infinite region was solved based on Eqs. 31, 32, 33, and 34 (Ozisik, 1993).
[image: image]
[image: image]
[image: image]
[image: image]
The calculation area was set into a [image: image] grid. The calculation model is shown in Figure 1. The macroscopic calculation parameters were all based on the dimensionless parameters. The initial temperature of the calculation region is [image: image], the cold source temperature on the left side of the model is [image: image], the freezing temperature of the solid-liquid phase change is [image: image], the latent heat of the phase change is [image: image], the specific heat capacity is [image: image], and the thermal diffusion coefficient of the solid-phase is [image: image]. The position of the liquid-phase fraction [image: image] was set to the solid-liquid phase change interface. The boundary conditions were set to the non-equilibrium extrapolation format at the microscopic level. For the lattice Boltzmann model, the parameters were taken as follows: the time step is [image: image], the transverse and longitudinal are equal to the lattice steps [image: image], lattice velocity is [image: image], and lattice sound velocity is [image: image].
Figure 4 shows the solid-liquid phase change interface variation with time when [image: image], respectively. It can be seen that the numerical solution of the lattice Boltzmann method in this paper matches well with the analytical solution. The error gradually increases with the decrease in the thermal diffusion coefficient of the liquid phase. The maximum relative errors are 1.16%, 1.69%, and 6.17% when [image: image] =1, 2, and 5, respectively. This is mainly because the relaxation time gradually decreases as the thermal diffusion coefficient of the liquid phase decreases at a fixed lattice step and time step, which affects the accuracy of the numerical calculation (Gao, 2001). Based on the soil freezing problem calculated numerically herein, it can be seen that the calculation accuracy can meet the needs of engineering construction, given that the difference between the thermal diffusion coefficients of the soil before and after freezing is not significant.
[image: Figure 4]FIGURE 4 | Comparison between the numerical and analytical solutions. The top black curve represents [image: image], the middle black curve represents [image: image], and the bottom black curve represents [image: image]. The blue square represents [image: image], the red triangle represents [image: image], and the pink circle represents [image: image].
Figure 5 shows a comparison between the numerical calculation results and the analytical solutions for the temperature field at a dimensionless time of [image: image] (the calculated time step is 10,000) and [image: image], respectively. It can be seen that the numerical and analytical solutions of the lattice Boltzmann method are consistent. In contrast, the error increases with the decrease in the thermal diffusion coefficient of the liquid phase. The maximum relative errors are 0.42%, 0.84%, and 2.58% when [image: image], respectively. The maximum error occurs at the solid-liquid phase change interface, and the farther the distance from the interface, the smaller the error.
[image: Figure 5]FIGURE 5 | Comparison between the numerical and analytical solutions when [image: image] (the calculated time step is 10,000). The top black curve represents [image: image], the middle black curve represents [image: image], and the bottom black curve represents [image: image]. The purple square represents [image: image], the orange triangle represents [image: image], and the blue circle represents [image: image].
3.2 An example of the temperature field evolution
As many researchers have done, all the methods should be verified by examples (Wang et al., 2019; Lei et al., 2022; Wang et al., 2023; Zhao et al., 2023). We have chosen an engineering example in Shanghai to validate the lattice Boltzmann model based on the enthalpy method. The foundation soil of an artificial freezing project in Shanghai is straw-yellow sandy silt. The thermophysical parameters were measured according to the physical property tests of samples in the normal state and the frozen state as follows: the thermal diffusion coefficient of the formation is [image: image] in the solid-phase zone and [image: image] in the liquid-phase zone; the latent heat of phase change is [image: image]; the specific heat capacity is [image: image]. The soil’s initial measured temperature is [image: image], the freezing temperature is [image: image], and the cold source temperature is [image: image]. For the convenience of calculation, the length of the calculation area was assumed as [image: image]. Besides, the same settings for the basic parameters and boundary conditions of the lattice Boltzmann model were made as in the validation example. At the same time, the length of the calculation range was taken as [image: image]. Moreover, a unit transformation was carried out to correspond to the soil’s freezing parameters and obtain the calculation parameters of the corresponding lattice Boltzmann model, as shown in Table 1.
TABLE 1 | Parameter values used in the simulation.
[image: Table 1]3.2.1 Evolution of temperature field in the soil under unilateral cold source
Under a unilateral cold source, the temperature of the soil body decreases rapidly, leading to the freezing front’s formation by condensing internal water into ice. Figure 6 shows the evolution of the freezing front in the soil body with time. The figure shows that at the early stage of freezing, the freezing front in the soil body moves faster, and the evolution rate slows down with time. Besides, the frozen front moved 0.37, 0.52, 0.74, 0.89, and 1.02 m at 5, 10, 20, 30, and 40 days, respectively.
[image: Figure 6]FIGURE 6 | Position of freezing front plotted against freezing time.
Figure 7 shows the development of the soil’s temperature field under the unilateral cold source. The soil temperature decreases rapidly at the early stage of freezing because the cold source temperature is [image: image], much lower than the initial temperature of [image: image]. Thereafter, over time, the temperature field decreases because the temperature difference in the soil gradually becomes smaller. Considering the freezing front as the boundary, the two sides present a significant difference in the trend of the temperature field due to the influence of heat release from the solid-liquid phase change and different thermal diffusion coefficients. The soil temperature in the solid-phase zone develops faster and is approximately linear; in the liquid-phase zone, the soil develops slowly and gradually converges to the initial temperature of the soil. According to the code (DG/T J08-902, 2016), when the soil excavation depth is 12–30 m, the design reference value of the average temperature in the freezing wall must be taken as [image: image]. Therefore, when [image: image] is taken as the limit for freezing wall temperature, the thickness of the freezing wall developed at 5, 10, 20, 30, and 40 days under the unilateral cold source is 0.24, 0.33, 0.47, 0.57, and 0.66 m, respectively.
[image: Figure 7]FIGURE 7 | Distribution of soil temperature field when time [image: image] is different.
3.2.2 Evolution of temperature field in the soil under the action of bilateral cold sources
In artificial freezing works, multiple tubes are usually used to form the soil’s freezing curtain. Therefore, the interaction between two or more cold sources must be studied. For this purpose, the temperature of the cold source was applied on both sides of the soil within 2.0 m width to study the variation of the temperature field in the soil. Figure 8 shows the trend in the variation of the liquid-phase fraction in the soil for 5, 10, 20, and 30 days. It can be seen that the position of the freezing front moves 0.37, 0.54, 0.78, and 0.98 m under the action of the bilateral cold sources for the time periods of 5, 10, 20, and 30 days. Compared to the unilateral cold source, the freezing front’s movement has moved faster with time.
[image: Figure 8]FIGURE 8 | Distribution of the liquid-phase fraction [image: image] when time [image: image] is different under the bilateral cold source. The blue rhombus represents [image: image], the orange square represents [image: image], the green triangle represents [image: image], and the pink circle represents [image: image] .
Figure 9 shows that due to the bilateral cold sources, the temperature in the soil gradually decreases from both sides to the middle. The overall temperature in the soil drops below [image: image] in about 30 days, and all the water condenses into ice. The temperature in the soil decreases rapidly after that, and at 35 days and 45 days, the overall temperature in the soil drops below [image: image] and [image: image], which are less than the average temperature of the frozen wall design’s reference value. Hence, the excavation work of underground works can be carried out.
[image: Figure 9]FIGURE 9 | Variation in the soil temperature field when time [image: image] is different under the bilateral cold source.
4 CONCLUSION AND DISCUSSION
This study considers the effects of heat conduction, heat release from solid-liquid phase change, phase change interface movement, and heat diffusion coefficient changes during soil freezing to establish a unified evolution equation in the entire calculation region (solid-phase zone, liquid-phase zone, and phase change interface) using the enthalpy method. It numerically solves the D2Q4 model based on the lattice Boltzmann method for the heat conduction equation accompanied by the phase change. Combined with an engineering example of an artificial freezing method in Shanghai, the temperature field in the soil, the development trend of the freezing front with time, and the formation time of the freezing wall under the influence of unilateral and bilateral cold sources (considering the interaction between the cold sources) are determined, and the following conclusions are drawn:
(1) The numerical calculation results are analysed based on the lattice Boltzmann method and compared to the Neumann solution of the solid-liquid phase change heat conduction problem in semi-infinite space, which verifies the accuracy of the present numerical calculation method.
(2) According to the code (DG/T J08-902, 2016), when [image: image] is taken as the limit for freezing wall temperature, the thickness of the freezing wall developed at 5, 10, 20, 30, and 40 days under the unilateral cold source is 0.24, 0.33, 0.47, 0.57, and 0.66 m, respectively. These values can provide a basis for engineering design.
(3) Compared to the unilateral cold source, the freezing front’s movement moves faster under the bilateral cold sources. The position of the freezing front moves 0.37, 0.54, 0.78, and 0.98 m for the time periods of 5, 10, 20, and 30 days. The overall temperature in the soil drops below [image: image] and [image: image] at 35 days and 45 days, which are less than the average temperature of the frozen wall design’s reference value. Hence, the excavation work of underground works can be carried out.
(4) The lattice Boltzmann model based on the enthalpy method established in this paper can be used to deal with the heat conduction problem accompanied by phase change in underground engineering. However, the effect of moisture migration during the freezing process of soil and the resulting freezing deformation are not considered. The next step is to study the coupled heat transfer mechanism between the moisture field and soil particles using the double distribution function. Besides, a numerical model for simulating the freezing process of soil at the pore scale needs to be established by considering the freezing phase change of the moisture field and the influence of moisture migration heat conduction.
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Introduction: The shear strength deterioration of red-bed rockfill under the dry-wet cycle is the key factor affecting the slope stability of accumulation body. Studying the strength deterioration law and deterioration mechanism of red-bed rockfill can provide theoretical support for slope stability control.
Methods: Through the disintegration resistance test of argillaceous siltstone rockfill in Lanping lead-zinc Mine, the disintegration characteristics of red-bed soft rock were studied. The effects of the number of dry-wet cycles on the cohesion, internal friction angle, shear dilation rate and shear modulus of the red-bed rockfill were investigated by using a dry-wet cycle shear tester to conduct shear tests on the reduced scale graded soil material, and the strength deterioration mechanism of the soils was revealed from the perspective of meso-structure.
Results: The results showed that argillaceous siltstone was rich in clay minerals and produces strong disintegration when exposed to water. The disintegration process could be divided into three stages: massive disintegration stage, transitional stage and stabilization stage. With the accumulation of dry-wet cycles, the shear dilation rate and shear modulus of the argillaceous siltstone rockfill gradually decrease, and the shear failure developed gradually from strain hardening to shear plastic flow, and the characteristic of weak stress softening occurred. After eight dry-wet cycles, the cohesion and internal friction angle of argillaceous siltstone rockfill materials decreased by 89.87% and 18.94%, respectively, indicating a higher effect on the cohesion than on the internal friction angle.
Discussion: The thickening of the bound water between the fine particles on the shear surface, the weakening of the coarse particle attachment, and the increase in the number of directionally arranged fine particles were the main reasons for the continuous deterioration of the soil strength.
Keywords: argillaceous siltstone, rockfill material, dry-wet cycle, disintegration, deterioration of strength
1 INTRODUCTION
The red Jurassic and Cretaceous strata are widely distributed in Yunnan, China. Bounded by the Erhai-Honghe Fault, the eastern and western parts are called the Central Yunnan Red Bed and the Western Yunnan Red Bed, respectively, due to their different phase zones. The Western Yunnan Red Bed is mainly composed of inland lacustrine formations. Its lithology is clastic sedimentary rocks such as mudstone, siltstone, argillaceous siltstone, and sandstone (Luo et al., 2003). These rocks are rich in clay minerals, poorly permeable, hydrophilic, easily swollen, and disintegrated by water, with a large softening property (Zhang et al., 2017; Zhang et al., 2019; Zeng et al., 2021). In recent years, the continuous exploitation of mineral resources in western Yunnan has led to the gradual excavation and stripping of red-bed rocks. As a result, large amounts of waste rock materials are frequently deposited around, forming large loose accumulation slopes. Under frequent rainfall infiltration and evaporation, the mechanical properties of the rockfill material inevitably deteriorate (Oliveira et al., 2021; Wen and Yuan, 2022; Xue et al., 2023), reducing the stability of the slope (Pan et al., 2020; Nguyen et al., 2023) and aggravating its long-term deformation (Zhou et al., 2014; Cook et al., 2023; Wei et al., 2023). In order to analyze the stability of loose accumulation slope, it is of great importance to study the performance deterioration of red-bed rockfill materials in western Yunnan under alternating wet and dry environments.
Loose accumulations formed by geological tectonic movements or human engineering activities are widely distributed in nature. These geological bodies have a typical soil-rock binary mixed structure, and no single part can represent the characteristics of the entire body (Wang et al., 2012; Zhou et al., 2018). The particle gradation composition, the contact type of the blocks, and the mineral composition of the parent rock significantly affect the strength and deformation of the soil (Cavarretta et al., 2010; Yuan et al., 2018; Pham et al., 2022; Xue et al., 2023). Firstly, the particle composition of the rockfill material is complex. The percentage of coarse and fine particles and the size of the blocks are constantly changing in space. The contact interaction between soil particles is exceptionally significant in the variation of soil grading, and the different contact relationships between particles control the ability of the soil to resist deformation and damage (Wu et al., 2020; Tran et al., 2021). With the increased size of block stones and increased block stone content in the soil, the squeezing and interlocking between the particles are continuously enhanced, and the shear damage resistance of the soil is significantly increased. However, the increase in block content can also cause massive soil pores to penetrate each other, weakening the resistance of the soil against infiltration deformation damage. Secondly, the mechanical properties of rockfill materials are mainly shear yielding. These materials are highly susceptible to particle breakage under stress concentration (Li et al., 2019; Zhou et al., 2019; Wu et al., 2021), with obvious shear dilation characteristics during shear deformation (Chen et al., 2018; Ahmed et al., 2023). The fragmentation of the block particles changes the original particle contact relationship in the soil, reducing the interlocking force and friction strength between the particles. As the stress increases, relative sliding continuously occurs among the yield-ruptured soil particles, resulting in irrecoverable plastic deformation of the soil body and damage. Therefore, a series of granular material mechanical behaviors in the shear deformation of rockfill materials make their shear strength properties exceptionally complex, which requires continuous in-depth research.
In addition, the mechanical properties of the soil are closely related to environmental conditions. The deterioration of rockfill materials under dry-wet cycles reduces their shear strength and deformation modulus, which is the main cause of excessive deformation and instability of high-fill slopes (Silvani et al., 2008; Peng and Zhang, 2012; Zhou et al., 2019; Wu et al., 2021). In order to analyze the strength deterioration characteristics of soil, several scholars have conducted experimental studies on the strength and deformation of soil under dry-wet cycles (Rasul et al., 2018; Zhou et al., 2019; Xu et al., 2021; Li et al., 2022; Abbas et al., 2023). The triaxial wetting deformation test of rockfill materials showed that particle water immersion disintegration and fragmentation are the main reasons for increased soil deformation (Wei and Zhu, 2006; Jia et al., 2019; Zhang and Zhou, 2020). The degree of particle fragmentation increased with the accumulation of dry-wet cycles (Zhang et al., 2015). The deterioration of rockfill material strength properties is mainly because the rock is rich in hydrophilic clay minerals (Jia et al., 2018). The block particles constantly crack in multiple wet and dry deformations, reducing the strength of the parent rock and weakening the shear strength of the soil. However, the stress levels in the existing experimental studies of rockfill materials undergoing wet-dry cycles are usually inconsistent with reality. Limited by the test conditions, the dry-wet cycle deterioration test is usually performed by soaking and air-drying the stone particles several times before loading them into the test machine. In reality, the fill slope only experiences rainfall infiltration and evaporation changes after completing soil accumulation, and the soil dry-wet cycle is completed under a specific consolidation stress state. Therefore, it is necessary to improve the existing geotechnical test equipment to realize the dry-wet cycle after sample preparation, thus revealing the deterioration characteristics of rockfill materials under consolidation stress conditions.
The strength deterioration of red-bed rockfill materials under alternating dry-wet environments is the key factor affecting the stability of loose accumulation slope. In order to study the strength deterioration characteristics and mechanisms of red-bed rockfill materials under dry-wet cycles, argillaceous siltstone rockfill materials from Lanping lead-zinc mine was selected as the research object. The disintegration characteristics, strength degradation, and deformation damage of rockfill materials were studied by water immersion disintegration test and dry-wet cycle shear test, and the mechanism of strength degradation of rockfill materials was revealed from the perspective of meso-structure. The research results could reveal the deterioration characteristics of red-bed rockfill from macro-meso structure, provide reasonable soil mechanical analysis parameters for mine dump heightening and expansion and slope design, and provide certain scientific guidance for the safety risk management of dump slope.
2 PERFORMANCE DETERIORATION TEST FOR ROCKFILL MATERIALS DURING DRY-WET CYCLES
2.1 Basic characteristics of the test material
The test material is argillaceous siltstone rockfill material, which was taken from the dumping site of Lanping lead-zinc mine in Yunnan Province (N26°24′, E99°25′). The waste rock of the dumping site mainly consists of purplish-red argillaceous siltstone of the Middle Jurassic Huakaizuo strata (J2h) excavated from the open mine, as shown in Figure 1. The mining area is located on the southwest border of China, falling into the low-latitude mountain monsoon climate zone, with the vertical distribution of three-dimensional climate characteristics. The annual average temperature is 7°C, the annual rainfall is 1,002.4 mm, the annual average sunshine hour is 2008.7 h, and the annual average evaporation is 1,063 mm. Therefore, the rockfill materials in the dumping field are significantly affected by the alternating dry and wet climate. The frequent dry-wet cycles exacerbate the performance deterioration of the rockfill material, which can easily induce landslide geological hazards.
[image: Figure 1]FIGURE 1 | The location of Lanping lead-zinc mine. (A) Geographical location. (B) Mine overview. (C) Argillaceous siltstone. (D) Rock under wetting-drying cycles.
Figure 2 shows the mineral composition of the argillaceous siltstone obtained through X-ray diffraction analysis. The mineral composition of the argillaceous siltstone and its content are: quartz 22%, kaolinite 42%, illite 20%, calcite 11%, and pyrite 6%. The mineral composition of more than 60% indicates a high content of clay minerals.
[image: Figure 2]FIGURE 2 | Mineralogical compositions of the argillaceous siltstone.
Figure 3 shows the microstructure of the argillaceous siltstone by a scanning electron microscope (SEM). The SEM image of the rock at 500 times magnification (Figure 3A) reveals that the microstructure unit is dominated by agglomerated aggregates with large particle sizes. The contact between the particles is mainly surface-to-surface, which belongs to the laminating structure. Fine viscous particles are scattered on the surface of the agglomerates and gathered into clusters, and the geometric size, shape, and orientation of the particles differ significantly. Figures 3B, C show the SEM images of the rock at 2000 and 4,000 times magnification, respectively, clearly displaying the clay particles and quartz particles inside.
[image: Figure 3]FIGURE 3 | Microscopic image of the argillaceous siltstone. (A) 500 times. (B) 2000 times. (C) 4,000 times.
The rockfill material was sieved on site, and the dividing particle size of coarse and fine particles was 5 mm (Wang et al., 2009), i.e., particles below 5 mm were fine particles, and those beyond 5 mm were coarse particles. The coarse grain contents were expressed as P5. Then, the equivalent alternative scaling was performed for field grading of test soil materials according to Eq. 1. The composition of the test soil grade is shown in Figure 4.
[image: image]
Where P5 is coarse grain contents (%), P5i is the content of a particle group with a particle size greater than 5 mm after scaling (%), P05i is the content of a particle group with a particle size greater than 5 mm before scaling (%), and P0 is percentage of particle mass with a particle size greater than 60 mm.
[image: Figure 4]FIGURE 4 | Particle grading components. (A) Grain size distribution. (B) Different grain groups of soil materials.
2.2 Disintegration resistance test
Figure 5 shows the disintegration resistance test apparatus for clay rocks. The coarse particles greater than 5 mm were weighed according to the composition of the test soil grade and loaded into the drum sieve of the disintegration resistance tester at dry room temperature. Referring to the Standard for Rock Physical and Mechanical Properties Testing Method (DZ/T 0276.9–2015), the drum sieve was placed into the water tank, followed by the injection of pure water to keep the water level about 20 mm below the rotation axis. Afterward, the drum sieve was rotated at r/min for 10 min before removing the test soil and drying at a constant temperature of 105–110°C for 24 h. The dried soil materials were passed through 40, 20, 10, and 5 mm sieves, weighed, and recorded to obtain the particle size distribution. The above test procedure was considered as one disintegration. The coarse particles greater than 5 mm were loaded into the sieve again, and the above test process was repeated eight times.
[image: Figure 5]FIGURE 5 | Disintegration resistance test instrument. (A) Instrument. (B) Instrument construction.
2.3 Dry-wet cycle direct shear test
Figure 6 shows the DJH30 dry-wet cycle shear tester for coarse-grained soils. The tester is equipped with a computerized automatic data acquisition and processing system, allowing the collection and storage of load and displacement and the automatic control of the vertical load, horizontal load, and shear rate. The shear box of the tester is Φ300 × 240 mm, which can be used to determine the shear strength of coarse-grained soil with a grain diameter of less than 60 mm. Since the tester has a saturated water tank and a blower, the dry-wet cycle can be achieved inside the tester. When the specimen is prepared again after the wet-dry cycle outside the testing machine, the manual interference with the test soil can be overcome. The dry-wet cycle shear test path is designed by incorporating the functional characteristics of the test machine, as shown in Figure 7. The protocol of the dry-wet cycle shear test is shown in Table 1.
[image: Figure 6]FIGURE 6 | Shear testing machine of coarse-grained soil. (A) Test machine. (B) Machine construction.
[image: Figure 7]FIGURE 7 | Dry-wet cycles method.
TABLE 1 | Dry-wet cycle shear test scheme of rockfill material.
[image: Table 1]Referring to the S. for Geotechnical Testing Method (GB/T50123-2019), the test soil material was air-dried and sieved, and the specimens were prepared according to the moisture content of 4.32% and density of 2.05 g/cm3 to complete the dry-wet cycle shear test. The main test steps are as follows.
(1) According to the composition of the soil scale grading, three parts of air-dried soil are weighed and properly mixed after adding an appropriate amount of water. Afterward, three parts of the materials are filled into the shear box sequentially according to the density control conditions, and the layers are chiseled to reduce the effect of anisotropy.
(2) The dry-wet cycle process is realized for the prepared specimens. Firstly, the water tank is filled. Water along the permeable plate pores at the bottom of the shear box gradually penetrates upward to the interior of the specimen, allowing the specimen to be completely saturated. The time of saturation is 24 h. Then, the water tank is emptied, and the pore water inside the specimen is gradually emptied under differential pressure. In order to make the soil particles inside the sample fully dry, a blower is used to blow continuously inside the sample for 24 h, and the soil sample is regarded as dry when the water content is below 5% measured by the built-in moisture sensor in the sample. When the moisture content of the soil sample is below 5% and the blast drying is less than 24 h, it is still necessary to continue to blast for 24 h. The above operation is a dry-wet cycle. Finally, dry-wet cycles corresponding to each specimen are completed according to the test protocol.
(3) Specimens that have completed the wet-dry cycles are subjected to the direct shear test. The test loading is strain-controlled, and the shear rate is 1 mm/min. When the shear displacement reaches 15% of the specimen size, the specimen is considered to be shear damaged. In the test, the specimen shear box is round and the diameter is 300 mm. Therefore, when the shear displacement of the sample reaches 45 mm, the sample is shear damaged and the test is terminated.
3 ANALYSIS OF DISINTEGRATION RESISTANCE TEST RESULTS
3.1 Disintegration phenomenon
In the disintegration test, the test soil material disintegrates with the increasing number of wet-dry cycles n, as illustrated in Figure 8. As the argillaceous siltstone is rich in clay minerals, it reacts vigorously with water, and the blocks show different degrees of cracking along the primary structural surface. The large blocks gradually crack into disintegrated materials with smaller particle sizes. When comparing the soil gradation in the initial stage of the test, it can be seen that when n=1 (wet-dry cycle for 24 h), the content of particles larger than 5 mm is significantly reduced in the test soil material, and the roundness of the block increases. With the accumulation of dry-wet cycles, the blocks are further cracked, and the content of disintegrated materials is significantly increased. When a certain number of wet-dry cycles are reached, the disintegration rate of blocks with better integrity slows down, and the content of disintegrated material gradually stabilizes.
[image: Figure 8]FIGURE 8 | Rockfill disintegration resistance test phenomenon.
3.2 Content variation of disintegrated materials
The content variations of coarse particles (d ≥ 5 mm) and disintegrated materials (d < 5 mm) with dry-wet cycles are shown in Figure 9. According to the disintegration degree of the coarse particles in Figure 9, the disintegration process can be divided into three stages.
(1) Massive disintegration stage (n ≤ 2). In this stage, the rockfill material is massively disintegrated in water. With the increase of n, the content of coarse particles significantly decreases, and the content of disintegrated materials significantly increases.
(2) Transitional stage (2 < n ≤ 4). In this stage, the disintegration rate of coarse particles in water slows, with less increase in disintegrated material content. The block is in the transitional stage from vigorous disintegration to disintegration completion.
(3) Stabilization stage (n > 4). After the disintegration of coarse particles in water reaches a certain value, it is difficult for coarse particles to crack, with almost no changes in the content of the disintegrated material. At this point, the soil disintegration is completed and is in the stabilization stage.
[image: Figure 9]FIGURE 9 | Change characteristics of disintegration under dry-wet cycles.
Taking the test soil material before dry-wet cycles as the benchmark, the coarse particle content decreases by 59.3% in the massive disintegration stage, further decreases by 18.3% in the transitional stage, and decreases by only 2.7% in the stabilization stage. The coarse particle content is 19.7% when n = 8. This result indicates that with the accumulation of wet-dry cycles, the coarse particle content of the argillaceous siltstone rockfill material decreases, and the block disintegration gradually slows down and finally stabilizes.
4 ANALYSIS OF DRY-WET CYCLE SHEAR TEST RESULTS
4.1 Soil strength properties
4.1.1 Shear stress-displacement characteristics
The shear stress-displacement curves of argillaceous siltstone rockfill materials under dry-wet cycles are shown in Figure 10. It can be seen that there are no significant peaks, and the changing patterns of the test curves corresponding to different numbers of wet-dry cycles are different. When the number of dry-wet cycles is 0, the shear stress increases with the increase of shear displacement. The variation curve is not smooth with some fluctuations, especially during soil shear yielding and damage stages. The reason is that the coarse particles that have not yet disintegrated are closely squeezed and interlocked. With the rapid increase of the shear stress, the local stress exceeds the particle contact strength, resulting in particle cracking. The strain energy stored in the soil due to particle squeezing and interlocking is rapidly released, which causes fluctuations in shear stress. Subsequently, the soil particles are arranged in a new orientation under pressure. The particles on the shear surface interlock and roll again as shear stress returns. This process is repeated until shear damage to the soil sample occurs. The soil shear stress-deformation relationship during this process exhibits a hardening characteristic. When the number of dry-wet cycles is 1 and 2, the coarse particles show strong disintegration due to immersion. The number of coarse particles squeezing and interlocking each other decreases, and the soil shear stress fluctuation and hardening characteristics gradually weaken with the development of shear deformation. When the number of dry-wet cycles is 4, the disintegration of coarse particles is basically completed. The content of fine particles sharply increases, and coarse particles are mostly suspended in fine particles. During the shear deformation of the soil, the interlocking and rolling among particles continuously disappear, and the particle contact is mostly adhesion and friction of fine particles. With the development and expansion of cracks on the shear surface, the soil shear stress slowly increases and tends to be constant until the occurrence of plastic flow damage. When the number of wet-dry cycles is 6 and 8, the shear-plastic flow characteristics of the soil become increasingly significant after yielding, accompanied by a weak stress softening. Based on the above results, the shear characteristics of argillaceous siltstone rockfill material under dry-wet cycles are closely related to the disintegration characteristics of coarse particles. With the accumulation of dry-wet cycles, the soil shear damage gradually develops from strain hardening to shear plastic flow, exhibiting specific stress softening characteristics.
[image: Figure 10]FIGURE 10 | Shear stress-displacement curve. (A) N = 0 (B) n = 1 (C) n = 2 (D) n = 4 (E) n = 6 (F) n = 8.
4.1.2 Shear strength deterioration characteristics
Since there is no apparent peak stress for soil shear damage in the test, the strength corresponding to 45 mm of shear displacement is taken as the shear strength τ of the soil according to the S. for Geotechnical Test Method (GB/T50123-2019). To analyze the degradation of soil shear strength under dry-wet cycles, the degradation of soil shear strength δ is defined as follows:
[image: image]
where τ0 is the soil shear strength under 0 dry-wet cycles (kPa); τn is the soil shear strength under different numbers (n = 1, 2, 4, 6, 8) of dry-wet cycles (kPa).
The shear strength deterioration of the soil obtained by Eq. 2 is shown in Table 2.
TABLE 2 | Deterioration of shear strength of rockfill material under dry-wet cycles.
[image: Table 2]It can be seen from Table 2 that the shear strength of the soil deteriorates significantly under dry-wet cycles, and the degree of strength deterioration varies under different vertical consolidation stresses. The degradation of soil shear strength under the dry-wet cycles decreases with the increase of vertical consolidation stresses, indicating the suppressive effect of vertical consolidation stresses on the degradation of soil strength in dry-wet cycles. After eight wet-dry cycles, the shear strength of the soil deteriorates by 50.61% at consolidation stress of 200 kPa, while its deterioration is 31.74% at 800 kPa.
Figure 11 shows the variation of soil shear strength with dry-wet cycles under different vertical consolidation stresses. To simplify the fitting function, 0.1 was used to represent 0 dry-wet cycles. It can be seen that the shear strength degradation of soil under the same vertical consolidation stress conforms to the logarithmic function, with significant non-uniformity under dry-wet cycles, which is closely related to the soil disintegration characteristics. During the massive disintegration stage (n ≤ 2), the degradation of soil shear strength under dry-wet cycles is significantly increased. During the transitional stage (2 < n ≤ 4), the disintegration of coarse soil particles in water slows down. The soil structure is relatively stable, and the rate of shear strength deterioration decreases. During the stabilization stage (n > 4), the block disintegration tends to be stable, with rare cracks generated by the coarse particles. The disintegrated material content remains almost unchanged, and the soil shear strength deterioration rate gradually reaches the limit value.
[image: Figure 11]FIGURE 11 | Deterioration degree of shear strength under dry-wet cycles.
4.1.3 Variation pattern of the shear strength index
To analyze the variation pattern of soil shear strength index under dry-wet cycles, the Mohr-Coulomb criterion was used to fit σ and τ.
[image: image]
where σ and τ are the normal stress (kPa) and shear stress (kPa) on the soil shear plane. c and φ are the cohesion (kPa) and internal friction angle (º), respectively.
The shear strength index of the soil under different dry-wet cycles obtained by Eq. 3 is shown in Table 3.
TABLE 3 | Shear strength parameters of soil under different dry-wet cycles.
[image: Table 3]Figure 12 shows the variation of soil shear strength with dry-wet cycles. Under dry-wet cycles, the degradations of soil cohesion and internal friction angle are consistent, both showing the trends of first decreasing and then stabilizing. However, the degradation of the cohesion is significantly larger than that of the internal friction angle. After one wet-dry cycle, the cohesive force and internal friction angle decrease by 62.03% and 6.32%, respectively. After four wet-dry cycles, the cohesion and internal friction angle decrease by 86.71% and 13.29%, respectively. After eight wet-dry cycles, the cohesion and internal friction angle decrease by 89.87% and 18.94%, respectively. The reason is that the cohesion and the internal friction angle of the rockfill material are composed of the interlocking force and friction strength between soil particles. Although the inter-particle friction strength decreases with the decreasing number of block particles, the broken particles still have a certain friction strength under the consolidation stress, leading to a relatively small internal friction angle.
[image: Figure 12]FIGURE 12 | Deterioration characteristics of shear strength index under dry-wet cycles. (A) Cohesion. (B) Angle of internal friction.
Assuming that the damage to the soil by dry-wet cycles is a continuous process, the damage evolution equation for the shear strength parameters of the soil can be established. Statistical analysis reveals that the deterioration trend of shear strength parameters of argillaceous siltstone rockfill materials can be better fitted by the following power functions:
[image: image]
[image: image]
4.2 Soil deformation characteristics
4.2.1 Shear dilation rate
In addition to shape changes, volume changes also occur during soil shear damage. The volume dilation and volume contraction of soil due to shear stress is referred to as shear dilation (Huang et al., 2016). In the direct shear test, the upward vertical displacement of the soil indicates shear dilation, and the downward vertical displacement indicates shear contraction. The shear dilation rate η for soil shear damage can be calculated based on Eq. 6:
[image: image]
where ψ is the shear dilation angle of the soil; [image: image] is the volume strain increment; [image: image] is the shear strain increment; h is the vertical displacement; x is the shear displacement; D is the thickness of the shear zone.
Figure 13 shows the variation of soil shear dilation rate η with different vertical loads σ and dry-wet cycles n. As the number of dry-wet cycles increases, the soils vary from shear dilation to shear contraction. By increasing the vertical consolidation stress, the number of dry-wet cycles for the change from shear dilation to shear contraction decreases. Therefore, the dry-wet cycle and vertical consolidation stress are two factors affecting the deformation of rockfill materials by shear dilation. The range analysis shows that the shear dilation of the soil is more prominently influenced by the wet-dry cycle.
[image: Figure 13]FIGURE 13 | Curves of shear dilation rate under dry-wet cycles.
As one of the basic properties of soil, shear dilation is a dominant factor influencing the deformation and damage properties of soil (Zhang et al., 2016). Soil shear dilation depends on the soil particle composition and the interaction between the particles. The dry-wet cycle intensifies the disintegration of the block particles in the soil, and the structural characteristics of the soil are constantly changing, with different shear dilations. When the number of dry-wet cycles is 0, the block particles are not disintegrated in water, and the friction between the block particles causes the gradual hollowing of some particles. At this time, the soil volume continuously increases, and the deformation caused by shear dilation significantly intensifies until the soil is damaged by yielding deformation. With the intensification of dry-wet cycles, the block particles are continuously disintegrated by water, and the dense skeleton structure of the soil is seriously damaged. Coupled with the stress concentration during shear deformation, the pores between the grains are gradually closed by pressure, reducing the volume of the soil. At this time, most fine particles formed by disintegration are directionally arranged along the shear surface. With the increasing shear stress in the soil, the soil body shows shear plastic flow damage.
4.2.2 Shear modulus
The soil shear modulus G characterizes the ability of the soil to resist shear deformation. When shear deformation occurs in rockfill materials, the shear modulus continuously changes with the increase of shear displacement. Its value can be expressed by the slope of the tangent line at a point on the stress-shear strain curve. The shear modulus corresponding to shear strain 0.01 (shear displacement 3 mm) and shear damage (shear displacement 45 mm) are denoted as G0.01 and Gf, respectively, and the variation of the shear modulus of rockfill materials with the accumulation of dry-wet cycles is plotted in Figure 14.
[image: Figure 14]FIGURE 14 | Curves of shear modulus under dry-wet cycles. (A) G0.01. (B) Gf.
It can be seen from Figure 14 that the soil shear modulus G0.01 is greater than Gf under the same test conditions. The reason is that during the initial stage of shear, the block stone particles in rockfill materials are closely interlocked, enhancing the rolling and friction of the particle. The shear force required to develop a small shear deformation of the soil sample rapidly increases, and the shear modulus G0.01 corresponding to a shear strain of 0.01 is large. During the shear damage stage, rupture occurs in the soil particle interlocking structure, resulting in a loose soil structure at the shear surface and a slow increase in shear stress. At this time, the shear modulus Gf of the soil relatively decreases. When the number of dry-wet cycles n is fixed, the soil is more densely squeezed with the increase of vertical load σ. The resistance to shear deformation is enhanced, and the soil shear modulus G0.01 and Gf are increased. At a constant vertical load σ, the coarse particles in the soil continuously disintegrate until the disintegration is stable. The interlocking force between particles weakens, the number of fine particles arranged along the shear surface increases, and the shear deformation resistance of the soil gradually decreases and reaches a constant state. In this process, both G0.01 and Gf exhibit the trend of first decreasing and then stabilizing.
5 DISCUSSION
5.1 Relationship between strength degradation and disintegration characteristics
X-ray diffraction analysis shows that the argillaceous siltstone is rich in clay minerals, and the typical laminating structure of the rock microstructure is observed by a scanning electron microscope. The results indicating that the water stability of the argillaceous siltstone is poor, and it is easy to produce wet disintegration when it encounters water. After two dry-wet cycles, the argillaceous siltstone collapsed sharply, and the coarse particle content decreased from 100% before the test to 40.7%. After four dry-wet cycles, the disintegration rate of coarse particles slowed down and the content of coarse particles is 26.5%. After eight dry-wet cycles, it is difficult for coarse particles to disintegrate again and the content of coarse particles is 19.7%.
The strength deterioration of argillaceous siltstone rockfill also has the similar characteristics under the corresponding dry-wet cycle shear tests. When the dry-wet cycles are repeated twice, the coarse particles immersed in water to produce strong disintegration, the number of interlocking coarse particles decreased, and the shear hardening characteristics of the soil weakened. The deterioration of soil shear strength increases rapidly, and the deterioration reaches 38.01% for the soil sample with a normal load of 200 kPa. The soil cohesion decreases by 82.91% and the internal friction angle decreases by 7.97%. When the dry-wet cycles are repeated four times, the coarse particles in the soil are fully disintegrated, and the content of fine particles increased sharply. The occlusion and rolling friction of coarse particles in the shear deformation gradually disappeared, and the shear stress of soil increased slowly and tended to be stable, and the plastic flow trend began to appear. The deterioration of soil shear strength changes little, and the deterioration of the soil sample with normal load of 200 kPa is 44.52%. The soil cohesion decreases by 86.71% and the internal friction angle decreases by 13.29%. When the dry-wet cycles are repeated eight times, the soil showed plastic flow characteristics and weak stress softening phenomenon after shear yield. Because the coarse particle disintegration is basically stable, the shear strength deterioration of soil is relatively small. Taking the soil sample with 200 kPa normal load as an example, the deterioration only increased from 44.52% to 50.61% after four to eight dry-wet cycles. The soil cohesion decreases by 89.87% and the internal friction angle decreases by 18.94%.
By comparing and analyzing the results of disintegration test and strength deterioration test, it is not difficult to find that the shear strength characteristics of argillaceous siltstone rockfill under dry-wet cycles are mainly caused by wet disintegration of coarse particles in the rockfill, and the content of fine particles increases sharply. With the increase of the number of dry-wet cycles, the proportion of coarse and fine particles in the soil has changed significantly, and the skeleton structure of the soil has also changed. The coarse particles disintegrate with water, the content of fine particles is increasing, and the interlocking and rolling friction of the coarse particles are gradually weakened, which leads to the deterioration of the shear strength of the soil.
5.2 Degradation mechanism of the shear strength
The shear strength of the rockfill material is composed of the apparent cohesion and friction strength of the soil (Yang et al., 2021). The apparent cohesion reflects the adhesion degree of fine particles in the soil and the interlocking strength of coarse particles. The friction strength is a macroscopic representation of the frictional interaction of soil particles on the shear surface and the degree of directional particle arrangement. Under dry-wet cycles, the block particles in rockfill materials soften and disintegrate, the bound water between fine particles thickens, and the directional arranged fine particles on the shear surface significantly increase, resulting in the continuous deterioration of soil shear strength. The meso-mechanism of shear strength deterioration of rockfill materials under dry-wet cycles is shown in Figure 15.
[image: Figure 15]FIGURE 15 | Schematic diagram of deterioration mechanism of shear strength of rockfill materials. (A) Shear surface of soil sample under different dry-wet cycles. (B) Deterioration of apparent cohesion. (C) Deterioration of friction strength.
Figure 15A shows the shear surface characteristics of soil samples under different dry-wet cycles. Compared with the shear surface of the soil sample after zero dry-wet cycle, the coarse particles on the shear surface after twice dry-wet cycles decreases significantly, and there is phenomenon of coarse particle breakage. After four times dry-wet cycles, the fine particles in the shear surface increased significantly, the occlusion of coarse particles decreased, and the shear surface is unsmooth. After eight times dry-wet cycles, only a small number of coarse particles are distributed on the shear surface. The shear surface is flat and smooth, and no trace of the occlusion and rolling friction of coarse particles is observed.
Figure 15B illustrates the deterioration of the apparent cohesion of the rockfill material under dry-wet cycles. It can be seen that disintegration occurs when the argillaceous siltstone rockfill material is exposed to water. The clay particles formed by disintegration are dissociated and negatively charged by water. After forming an electric field, the cations in the aqueous solution are tightly adsorbed on the surface of the clay particles through the electric field attraction to form a bound water membrane, exerting a certain bonding effect between the clay particles. However, after multiple wet-dry cycles, the coarse particles in the soil material are continuously wetted and cracked, significantly increasing the number of clay particles. These particles are bound to each other through the bound water, and repeated immersion in the wetting environment thickens the bound water membrane between them. The electric field attraction is insufficient to overcome the gravitational water flow, weakening the binding strength between soil particles. Furthermore, the dry-wet cycles accelerate the shrinkage-expansion deformation of clay-rich mineral particles, with an increasing number of internal fractures. In the alternating changes of dry and wet environments, these fractures gradually open, widen, deepen, and penetrate. As a result, the disintegration of block particles continuously occurs, and the particle edges are gradually smoothed with increased roundness. The interlocking effect between particles continuously weakens, and the apparent cohesion of the soil body further deteriorates.
Figure 15C illustrates the particle distribution characteristics on the shear surface of the rockfill material under dry-wet cycles. It can be seen that under dry-wet cycles, the coarse particles are wetted and disintegrated, the number of fine particles significantly increases, the roundness of soil particles increases, and the interlocking friction between soil particles decreases significantly due to the decrease in particle size. In addition, the frictional impedance effect of the soil is weakened by the increasing number of fine particles directionally arranged on the shear surface. Due to the alternating dry and wet actions, cracks and defects sprout inside the block before the particle disintegration is completed. As a result, the soil can hardly form a stable bearing skeleton structure, and its friction strength is significantly weakened.
5.3 Analysis of the experimental limitations and sources of error
In the existing dry-wet cycle shear tests, soil material is mostly dipped and dried on the outside of the test machine and then filled into the test machine when a certain number of cycles. This test method is usually inconsistent with the stress state of soil in nature and ignores the consolidation stress condition of soil. This study realizes the dry-wet cycle process of the soil in the test machine, which can truly reflect the consolidation stress state of soil, thus avoiding the disturbance of soil structure during the preparation of the soil sample after the dry-wet circulation. Therefore, the test method is innovative. However, the direct shear test in this study still has some unavoidable experimental limitations and sources of error.
On the one hand, the shear surface of the soil in the indoor direct shear test is artificially fixed and decreases with shear, the shear zone is limited to the upper and lower shear box openings and the particles cannot be fully deformed. These defects in the test apparatus inevitably have an impact on the test results. On the other hand, as with existing indoor geotechnical test equipment for coarse-grained soils, the size of the test machine is limited by the inability to carry out shear tests on full-scale graded soils. The maximum particle size allowed in the direct shear test is 60mm, which is very different from the maximum particle size in the field. Therefore, the test results can only reflect the change law of shear strength of soil and reveal the internal mechanism of action, but cannot reflect the real mechanical properties and strength index results of soil.
In order to eliminate the influence of artificial fixed shear surface on the test results, the laminated shear test should be carried out, that is, multiple shear planes are set in the test apparatus, and the shear strength characteristics of the soil are revealed by analyzing the most unfavorable shear weak plane in the soil. In addition, in order to eliminate the scale effect of the test soil material, it is necessary to carry out full scale in-situ test. In-situ tests require improved accuracy of data acquisition and stability of pressure control. This aspect of the research will be progressively improved in subsequent research work.
6 CONCLUSION
Based on the disintegration resistance test and dry-wet cycle shear test of the argillaceous siltstone rockfill materials, this paper reveals that the characteristics of wet disintegration and shear strength deterioration of rockfill materials, and analyzes the strength deterioration mechanism of rockfill materials from the meso-structure. The main conclusions are provided as follows.
(1) The argillaceous siltstone is rich in clay minerals, with a content of over 60%, and disintegrates strongly when exposed to water. The disintegration degree of argillaceous siltstone has the characteristics of three stages with the accumulation of dry-wet cycles. The massive disintegration stage (n ≤ 2) has a significant reduction in coarse grain content and a significant increase in disintegrate content, the transitional stage (2 < n ≤ 4) has a slower disintegration rate of coarse grains in water, the stabilization stage (n > 4) is difficult to produce further fractures of coarse grains and the disintegrate content almost ceases to change.
(2) The dry-wet cycle change condition of rockfill material inside shear testing machine is realized. With the accumulation of dry-wet cycles, the rockfill material experiences deformation from shear dilation to shear contraction. The shear damage of rockfill material gradually progresses from strain hardening to shear plastic flow, exhibiting a slight stress softening characteristic. Both soil cohesion and internal friction angle show the trend of first decreasing and then stabilizing under dry-wet cycles. However, the deterioration degree of cohesion is significantly greater than that of the internal friction angle.
(3) The weakening of the apparent cohesion and friction strength of soil are the main reasons for the shear strength deterioration of rockfill material in the alternating dry-wet cycle. The fine particles are bound to each other through the bound water, and repeated immersion in the wetting environment thickens the bound water membrane between them. The electric field attraction is insufficient to overcome the gravitational water flow, weakening the binding strength between soil particles. Meanwhile, the coarse particles are wetted and disintegrated, the number of fine particles significantly increases. The roundness of the particles on the shear surface increases, and the number of directionally arranged particles increases, weakening the frictional impedance effect of the soil.
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Different land utilization types have unignorable impacts on adjacent aquifers, so studying the effects of varying land utilization types on groundwater balance and groundwater table in arid and semi-arid areas is crucial to facilitate the rational development of territorial space and groundwater resource management. This study investigated the relationship between land utilization type variations and groundwater dynamics from spatial and temporal scales in Huocheng plain, Xinjiang, China, via taking advantage of different land utilization maps provided by remote sensing techniques in 1990, 2000, and 2015. Based on the analysis of results, the findings can be summarized as follows. First, the cultivated and construction land has expanded significantly in the past 25 years. The migration of the regional center of cultivated land was insignificant, as it is still located almost in the center of the entire study area. However, the transfer span of the location center of construction land was more prominent, and its moving direction was mainly from south to northeast, directly affecting the groundwater balance state and groundwater table. Second, the total amount of groundwater storage exhibited a remarkable reduction, from a recharge in 1990 to a continuous discharge in 2000–2015, during which the total recharge and discharge had both continuously declined. Meanwhile, recharging and discharging elements were also changed profoundly as less groundwater recharges from ambient aqueous environments and more groundwater extraction. Thus, human activities were the fundamental driving terms causing the changes in groundwater sources. Third, the groundwater table gradually and continuously dropped from south to northeast in the study area over time. The drawdown of spatially averaged groundwater tables was positively correlated with construction and cultivated area extension. In addition, compared to the former literature, this study offers an alternative approach for groundwater protection and optimization of territorial space development and utilization in arid and semi-arid areas.
Keywords: land utilization type, groundwater balance, groundwater table, groundwater drawdown, Huocheng plain
1 INTRODUCTION
Since initiating China’s modernization and globalization in the 1990s and accelerating the process of urbanization in the 2000s, the spatiotemporal variations of land utilization types have become the most straightforward manifestation of an expansion of human activities (e.g., the rapid expansion of cultivated and construction areas in recent decades). Meanwhile, underground aqueous resources, such as soil moisture in the vadose zone (Ma et al., 2014; Ma et al., 2015; Yan et al., 2022a; Yan et al., 2022b), perched water (Bear, 1972; Freeze and Cherry, 1979; Izbicki et al., 2015; Liu J. et al., 2019), shallow groundwater (Charbeneau and Sherif, 2002; Hancock, 2002; Hu et al., 2021), are scarce in arid and semi-arid regions. More adversely, the surging demand for water consumption leads to a nonnegligible groundwater table drawdown in these regions (Claessens et al., 2009; Chen et al., 2010; Lei-hua et al., 2012). As a result, the human beings-land interactive relationship is an essential component and core interest of modern research. More specifically, studying the effects of varying land utilizations on groundwater dynamics has become one of the current research challenges in environmental engineering and science.
Numerous environmental scholars have studied the impacts of various land utilization types on long-term groundwater dynamics by applying different methods. All those methods could be characterized into the following four categories. The first category is quantitative mathematical modeling. Mathematical models were used to simulate and analyze the varying land utilization types (Ghaffari et al., 2010; Tong et al., 2012) and their hydrological effects (Yan et al., 2021; Yan et al., 2022c; Ma et al., 2022), the influence of varying land utilization types on groundwater dynamics (Prabhakar and Tiwari, 2015; Elmahdy and Mohamed, 2016) and the spatiotemporal variation of earthen and aqueous environments (Deng, 2001; Ma et al., 2003), explicitly considering contamination transport during a hydrodynamic process (Bai et al., 2021a; Bai et al., 2021b). The second category is the geostatistical method. Based on the theory of geostatistics, the temporal and spatial changes of groundwater could be well revealed, and the spatial heterogeneity of seepage properties and groundwater table variation in responding to varying land utilization types has also been well analyzed (Liu J. et al., 2019; Hu et al., 2021; Zhang et al., 2022). The third category is the groundwater balance method. Through constructing a grid geographic information database, the groundwater balance method was applied to calculate the groundwater storage and study the effect of regional land utilization variation on groundwater recharge and discharge (Lei et al., 2017). The fourth category is the integration of remote sensing, hydrological survey, and consistent in situ monitoring; based on those three geological surveying methods, the varying land utilization types in response to groundwater dynamics have been further explored (Zhang et al., 2014; Cui et al., 2015; Shu et al., 2022; Liu et al., 2023). Although many scholars used different methods to analyze and study the impacts of underlying surface conditions variations on groundwater dynamics, few scholars have examined its impact on groundwater balance and groundwater table synthetically, and inadequate efforts have been devoted to comprehensively investigating this impact on regional long-term groundwater dynamics at multiscale.
The study aims to provide a more in-depth investigation of the research field for the selected region–Huocheng plain, Xingjiang, China. This plain is the gateway to central Asia, a vital node of the “Belt and Road Initiative.” It is also an area experiencing rapid urbanization but vulnerable to many adverse ecological and environmental impacts. The current environmental challenges in using soil and water resources in this region can be summarized as the following points: 1) strongly influenced by a population boom and economic growth, the total relative carrying capacity of resources in this region has been overloaded (Fu et al., 2016); 2) the over-reclamation and overgrazing overloaded the land in this area, subsequently prone to land desertification (Kang and Zhang, 2012); 3) the inadequate regulations on daily water consumption (i.e., water wasted) and insufficient investments in hydraulic infrastructures (Yang and He, 2008); 4) there are uneven spatial and temporal distributions of regional water resources, so the contradiction of engineering water shortage is prominent. Therefore, it is of practical significance to study the influences of land utilization variations on groundwater dynamics in Huocheng plain.
Based on the aforementioned considerations in the literature review, this case study selected datasets of land utilization types in Huocheng plain for three periods in 1990, 2000, and 2015. First, it analyzes the dynamic variations and spatiotemporal migrations of land utilization on two different temporal scales, e.g., one longer of 1990–2015 and the other shorter of 2000–2015. In addition, it superimposes this analysis on the evolution of groundwater dynamics in this area during the same period. This series of investigations contributes to exploring the impact of changes in land utilization types on groundwater balance and the groundwater table. In general, this case study provides an alternative analyzing method for the rational utilization of groundwater resources and optimizing the development and utilization of territorial space in arid and semi-arid areas.
2 THE OVERVIEW OF THE CASE STUDY REGION
Huocheng county is located west of the Tianshan mountains, north of the Ili river, adjacent to Kazakhstan in the west, Yining city in the east, and the administrative division of Ili Kazak autonomous prefecture of Xinjiang Uygur autonomous region (see Figures 1A, B). The elevation of this terrain is generally higher in the north and east, and lower in the south and west, with a medium-high mountainous area in the north, a hilly area in the central region, and a plain area in the southwest.
[image: Figure 1]FIGURE 1 | Geographic and administrative location of the study area: (A) The location of Xinjiang Uygur autonomous region in the map of China; (B) The selected study area in the map of Xinjiang; (C) The elevation map of Huocheng plain; (D) The brief information overview map for Huocheng plain in Xinjiang.
This paper focused on the southwest plain of Huocheng county as a study area with an elevation of 479–1,247 m. According to the geomorphic formation of Huocheng Plain, this region can be divided into the piedmont flood gravel plain, fine soil plain, eolian desert, and other geomorphic units from south to north (see Figure 1C). In addition, there are Horgos port (the largest land treaty port in Northwest China), Qingshuihe economic and technological development zone, and the fifth Production and Construction Corps, where we can collect the groundwater table data (see Figure 1D). The climate of this area is semi-arid (continental temperate). Its precipitation is far less than evaporation, e.g., its annual average precipitation of 220–700 mm compared to its evaporation in plain areas of 850–1,000 mm and evaporation in mountainous regions of less than 800 mm (Wang et al., 2012). There are seven main rivers, and gullies flow from north to south. The annual surface runoff is about 8.44 × 108 m3, and the annual surface runoff only accounts for 6% of the total water storage in Ili valley. The groundwater is mainly stored in the gravel layer of the quaternary system. The hydraulic recharge from the upper part of an alluvial fan, which was geologically formed by the northern rivers running through the mountainous valleys, is an essential source of groundwater recharge (Li and Tao, 2015).
3 THE COLLECTION OF RESEARCH DATABASE
3.1 Land utilization datasets
The land utilization datasets were obtained from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn) (Xu et al., 2018), using Landsat-MSS and Landsat 8 as image data sources. The secondary classification monitoring raster datasets of land utilization type with a spatial resolution of 30 m × 30 m in 1990, 2000, and 2015 were explicitly selected. Remote sensing image data were preprocessed by geometric correction and radiation distortion correction. Based on artificial intelligence and machine learning, the interactive visual interpretation and field investigation ensured the consistency of land utilization data processing and the reliability of interpretation accuracy. ArcGIS 10.2 software extracted and reclassified datasets in different years according to the geo-photographic mask. It was finally divided into six categories (see Figure 2): cultivated land, forest land, grassland, waterbody, construction land (urban and rural, industrial, mining, and residential land), and unused land (sandy land, Gobi, saline-alkali land, marshland, bare land, bare rock, and stony land and other unused lands).
[image: Figure 2]FIGURE 2 | Type-distribution and evolution of land utilization in Huocheng plain in (A) 1990, (B) 2000, and (C) 2015 (the contour-plotted datasets were sourced from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (Xu et al., 2018).
3.2 Hydrological datasets
The groundwater datasets were mainly derived from the geological survey project of the China Geological Survey by Li et al. (2015) and the Regional Hydrogeological Survey Report of the People’s Republic of China: Ili Region, and some of the data were from their field measurements. Hydrometeorological data, such as precipitation and evaporation, are sourced from the Ili meteorological station. The information on water resources development and utilization (e.g., artificial extraction, spring water excretion, river runoff, canal head diversion water, etc.) was collected from the annals of Huocheng county, the statistical bulletin of Huocheng county, the yearbook of Huocheng county, the demonstration of water resources of Braxi mine (Ili shoer, Xinjiang) project of China Power Investment Corporation and the statistical yearbook of Ili Kazak autonomous prefecture (the aforementioned collections of research data libraries are not publicly released from their affiliated institutions and have still been archived as confidential documents in those affiliations).
4 DATA PROCESSING METHODS
4.1 A dynamic model of land utilization degree
A comprehensive analysis model can express the extent of human development and land utilization within a specific period in the selected study area from the perspective of ecology, and its calculation formula (Li et al., 2006) can be provided as follows:
[image: image]
where Li is the land utilization degree composite index, Ai is the land utilization degree classification index of the ith type, Ci is the ratio of the area of the ith land utilization type to the study total area, and n is the number of classifications of land utilization degree. According to the actual situation of the study area and the existing research results (Wang et al., 2001), the land utilization degree classification index of construction land is assigned as the 4 points, cultivated land as the 3 points, forest land, grassland, and waterbody as the 2 points, and unused land as the 1 point.
4.2 Land utilization transfer matrix
The land utilization transfer matrix (Zhu and Li, 2003; Zheng et al., 2022) could be applied to reflect the dynamic processing information of mutual transformation among different types at the beginning and end of the study period in the selected investigation region. The mathematical form of the transfer matrix (S) could be given by
[image: image]
where [image: image] is the area transfer from the land utilization type m to the type n in km2.
4.3 Standard deviation ellipse method
The standard deviation ellipse method (SDE) is the most direct modus to analyze the central, dispersion, and direction trends of data point sets or regions. This method quantitatively describes the overall characteristics of the spatial distribution of research objects through the spatial distribution ellipse with the center, major axis, minor axis, and azimuth Angle as the basic parameters. The calculation formula of the center of gravity could be presented as follows:
[image: image]
where ([image: image], [image: image]) is the center of gravity, indicating the relative position of geographical elements in two-dimensional space; [image: image] is the weight value; ([image: image], [image: image]) is the spatial location coordinate.
4.4 Groundwater balance method
On the one hand, groundwater recharge has precipitation infiltration, river recharge, channel recharge, reservoir recharge, field irrigation, and lateral runoff recharge. On the other hand, groundwater discharge includes evaporation discharge, spring outflow, artificial extraction, and lateral drainage. In addition, the groundwater balance method was used to calculate and analyze the number of groundwater recharging/discharging sources. Thus, for comparing the groundwater recharging/discharging sources in different years, the mass balance of groundwater should be given as (Liu R. et al., 2019; Zhao et al., 2021):
[image: image]
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where ΔQ is the variation of groundwater storage; Qin is the inflow for groundwater recharge; Qout is the outflow for groundwater discharge; Rp is precipitation infiltration; Rr is river recharge; Rc is channel recharge; Rre is reservoir recharge; Rf is field irrigation; Rl is lateral runoff recharge; De is evaporation discharge; Ds is spring outflow; Da is artificial extraction; Dl is lateral drainage.
5 RESULTS AND ANALYSIS
5.1 Analysis of temporal and spatial changes in land utilization
5.1.1 Dynamic analysis of land utilization
Based on the land utilization status datasets in 1990, 2000, and 2015, the evolutions and mutual transfers of land utilization types in the study area in the past 25 years were obtained (see Figure 3). This paper used the dynamic model of land utilization degree and land utilization transfer matrix to calculate the land utilization degree composite index and variation (see Table 1), transfer matrix (see Supplementary Table S1 in Supplementary Appendix S1), and its Sankey diagram (see Figure 4), and net land change of six land utilization types (see Table 2). The cultivated land and grassland are this selected area’s primary land utilization types. Since the 1990s, Huocheng plain has gradually evolved from agriculture and animal habitation to a comprehensive area including agricultural area, animal habitation, and industrial and commercial functionality.
[image: Figure 3]FIGURE 3 | Variations of land utilization types from 1990 to 2015 based on datasets in a spatial resolution of 30 m: (A) 1990–2015 and (B) 2000–2015.
TABLE 1 | The land utilization degree composite index and variation in Huocheng plain.
[image: Table 1][image: Figure 4]FIGURE 4 | Sankey diagram of the land utilization transfer matrix in Huocheng plain: (A) 1990–2015 and (B) 2000–2015.
TABLE 2 | The net land utilization change (km2) in Huocheng plain.
[image: Table 2]5.1.1.1 Long-term change in land utilization
From 1990 to 2015, the land utilization degree composite index of cultivated land, construction land, and waterbody showed an increasing trend in the selected period. Meanwhile, the land utilization degree variation of the cultivated and construction land was rapidly growing, and their areas significantly increased. The cultivated land area increased from 1,081.12 to 1,225.11 km2, increasing by 13.32%, with an average annual increasing rate of 0.53%. The construction land area increased from 103.03 to 119.46 km2, increasing by 15.95%, with an average annual increasing rate of 0.64%. During the same period, the area of unused land, forest land, and grassland decreased significantly. The area of forest land decreased from 23.65 to 14.68 km2, decreasing by 37.93%, with an average annual declining rate of −1.52%. The area of unused land decreased from 259.05 to 118.01 km2 by 54.45%, with an average yearly declining rate of −2.18%.
Over the past 25 years, land utilization in this region has evolved, and the cultivated land has increased continuously. The primary types of land utilization transferred were grassland, unused land, and forest land, whose areas were 82.65, 60.36, and 15.44 km2, respectively. The main transferred types were waterbody and construction land. The net transfer of cultivated land to waterbody was 8.81 km2, and the net transfer to construction land was 5.65 km2, mainly caused by continuous reclamation in the local area. Construction land increased significantly and mostly occupied cultivated land and grassland. The area of unused land was reduced considerably, which was the primary transfer type in the area, among which 60.36 and 80.58 km2 were transferred into cultivated land and grassland, respectively, reflecting the significant success of local desert control. Overall, the characteristics of land utilization change in Huocheng plain were attributed to the construction land occupying cultivated land and grassland and the cultivated land occupying grassland, unused land, and forest land.
5.1.1.2 Short-term change in land utilization
From 2000 to 2015, the land utilization degree composite index of cultivated land, construction land, and grassland showed an increasing trend in the selected period. Except for the cultivated land area, the construction land increased remarkably, and its area increased from 81.57 to 119.46 km2, with an increase of 46.45% and an average annual rate of change of 3.10%. In comparison, the unused and forest land area decreased significantly. As a result, the area of unused land decreased by 65.35% from 340.56 to 118.01 km2, with an annual rate of change of −4.36%.
Over the past 15 years, construction land increased substantially, and the primary transferred types were cultivated land, grassland, and unused land, whose areas were 18.27, 16.00, and 2.98 km2, respectively. On the other hand, the area of unused land had been significantly reduced, which was the main transferred type except for forestland. To a certain extent, this reflected that with the advancement of urbanization and economic development, more of the population was migrating to Huocheng county, Khorgos city, Qingshuihe town, and other areas in the selected region of Huocheng plain.
5.1.2 Temporal and spatial migration analysis of land utilization
As identified above, cultivated land and construction land were the two types with the most significant changes in Huocheng Plain, and their area continued to increase during 1990–2015. In addition, cultivated land and construction land were the main factors affecting the depth of groundwater balance and groundwater table in this region, so this paper mainly analyzed and discussed these two types of land utilization.
The spatial overlaying analysis of land utilization type images in three periods from 1990 to 2015 was carried out. During the dynamic evolution, the location centers of cultivated and construction land were super-combined to form the location center migration diagram of the two land utilization types (see Figure 5). During the study period, the shift of the location centers of cultivated land was slight, almost migrating towards the center of the entire study area. The transfer of the location center of construction land had a larger span and involved a much wider range than that of cultivated land. The transfer direction of the location center of construction land was mainly from south to northeast. From 1990 to 2000, the location center of construction land migrated to the southeast, with a distance of 1.82 km. From 2000 to 2015, the location center migrated to the northeast, and the migration distance was up to 8.90 km.
[image: Figure 5]FIGURE 5 | Location center transfer map of cultivated and construction land from 1990 to 2015.
5.2 Groundwater balance analysis
In this paper, the complete datasets for each decade in the selected representative years (1990, 2000, and 2015) were chosen as the temporal interval to analyze the groundwater dynamics since the 1990s. According to hydrogeological parameters, borehole datasets, and meteorological datasets of Huocheng county in different periods, groundwater recharging and discharging sources were calculated by the groundwater balance equation to determine the total recharge and discharge amount in different periods. Then, the changes in each recharging/discharging source were analyzed individually. As a result, the analysis of groundwater balance elements can be provided in Figure 6 (see Supplementary Table S2 in Supplementary Appendix S1), and the variations of groundwater balance elements are provided in Table 3.
[image: Figure 6]FIGURE 6 | Analysis of groundwater balance elements in Huocheng plain from 1990 to 2015: (A) 1990, (B) 2000, and (C) 2015.
TABLE 3 | Variations of groundwater balance elements in Huocheng plain.
[image: Table 3]According to Figure 6 (see Supplementary Table S2 in Supplementary Appendix S1) and Table 3, the amount of change in groundwater storage in the three typical years was 69.10 × 105, −186.50 × 105, −137.60 × 105 m3/year, respectively. It was found that the trend of groundwater storage in the long-term temporal scale (1990–2015) evolved from incremental to decremental. Specifically, the groundwater storage in Huocheng plain was recharged in the 1990s. After that, the amount of groundwater storage exhibited a decreasing trend, and the decreasing rate gradually increased. Therefore, by comparing the changing pace of groundwater storage in those different periods (1990–2015), it is apparent that the decreasing rate of groundwater storage significantly increased in the former decade (1990–2000) and then decreased gradually in the latter 1.5 decades (2000–2015).
From 1990 to 2015, the total groundwater recharge presented a significant downward trend, and the total amount of groundwater recharge decreased by 2.09 × 108 m3/year. From 2000 to 2015, the decreasing rate of groundwater recharging sources was 1.82 times that from 1990 to 2000. The elements of groundwater recharging sources were similar in 1990 and 2000, among which the channel and river recharge accounted for 82%–85% of the total inflow, and field irrigation accounted for a minor proportion. However, the elements of recharging sources changed remarkably in 2015, including channel recharge, river recharge, and reservoir recharge in descending order. Compared to the amount of groundwater recharging elements in 1990 and 2000, the variations of field irrigation increased by 892.64% and 288.42%. Nevertheless, reservoir recharge decreased by 56.58% and 51.31%, and channel recharge reduced by 40.53% and 34.93%.
From 1990 to 2015, the total groundwater discharge exhibited a significant decline trend as well, and the total amount of groundwater discharge decreased by 1.88 × 108 m3/year. From 1990 to 2000, the gross discharge decreased by 3.04 × 107 m3/year, and the decreasing rate of discharge was 3.04 × 106 m3/year. From 2000 to 2015, total groundwater discharge decreased by 1.58 × 108 m3/year, and the decreasing rate of discharge was 1.05 × 107 m3/year. Lateral drainage and spring outflow most significantly contribute to groundwater discharge. Compared to the amount of groundwater discharging elements in 1990 and 2000, the variations of artificial extraction increased by 1995.60% and 603.22%, yet spring outflow decreased by 59.76% and 56.38%.
In conclusion, both the total groundwater recharge and discharge continued to decline, mainly due to the increasing human activities. Human activities were the fundamental driving forces that caused the changes in groundwater recharging/discharging sources. With the spiking demand for groundwater extraction and limited available surface water, the groundwater storage dropped prominently because of the increasing urbanization and modernization, the expansion of cultivated land and construction areas, and increased irrigation demand and domestic water consumption.
5.3 Characteristics of the groundwater dynamics
Based on the groundwater table datasets collected in the selected region, the depth-mapping groundwater table in Huocheng plain in 1990, 2000, and 2015 is shown in Figure 7. Through comparative analysis in the three selected years, the depth-contour of the groundwater table was mainly shown as relative shallows in the northeast and south regions, consistent with the topography of this study area. In 1990, the depths of the groundwater table in the northern inclined plain, near the mountainous valleys, were 10–50 m. In the central Aeolian desert area, the depths of the groundwater table were 5–10 m. Some of those were wetlands, where the depths of the groundwater table were much shallower, between 1 m and 3 m. In the southern alluvial plain, the depths of the groundwater table were 3–5 m. From 1990 to 2015, the depths of the groundwater table in most areas of Huocheng plain increased, i.e., the drawdown of groundwater storage in those areas continuously occurred during this period. For example, the depths of the groundwater table in Huocheng county were 7–10 m in 1990, 10–20 m in 2000, and 20–35 m in 2015, respectively. In the southern alluvial plain, the subdivision boundary between the shallower (0–10 m) and deeper groundwater tables (10–150 m), compared to that in 1990, moved northward obviously, and the groundwater table dropped more remarkably in the north in 2015 and 2000.
[image: Figure 7]FIGURE 7 | Depth-mapping groundwater table in Huocheng plain in (A) 1990, (B) 2000, and (C) 2015.
5.4 The effects of varying land utilizations on groundwater dynamics
After analyzing the distribution of land utilization types in 1990, 2000, and 2015, the different ranges of groundwater tables corresponding to each land utilization type were extracted from the aforementioned databases. First, the ratios of the region’s land utilization types in different depths of groundwater tables were calculated and presented in Figure 8 (see Supplementary Table S3 in Supplementary Appendix S1). Then, the changes in the average depths of groundwater table corresponding to the land utilization types in different periods were obtained, as shown in Figure 9.
[image: Figure 8]FIGURE 8 | The ratios of land utilization types in different groundwater tables in 1990, 2000, and 2015 (the ratios less than 3% are not visible).
[image: Figure 9]FIGURE 9 | The average depths of groundwater table for various types of land utilization in Huocheng plain.
In general, between the years 1990 and 2000, the relationship of the average depth of groundwater table corresponding to each land utilization type was as follows: cultivated land > construction land > grassland > forest land > waterbody > unused land. However, in 2015, it was changed as follows: construction land > cultivated land > grassland > waterbody > forest land > unused land. The average depth of the groundwater table corresponding to construction land increased the most over this period, from 18.90 m in 1990 to 22.82 m in 2000 and ending at 37.06 m in 2015. It was followed by cultivated land, the groundwater table of which deepened from 22.92 m in 1990 to 23.30 m in 2000 and eventually approached 32.67 m in 2015. Unused land had a minor variation of groundwater table during this study period, maintained at 5–6 m. Nonetheless, the groundwater table of forest land became shallower over this duration, e.g., its corresponding depths decreased from 17.34 m in 1990 to 12.72 m in 2000 and finally down to 8.40 m in 2015.
The study area’s average depth of groundwater table gradually increased over time. For example, in 1990, the average depth of groundwater table was 18.98 m. However, due to the gradual expansion of the proportion of cultivated land and construction land in this study area, the average depth of groundwater table decreased to 19.54 and 28.55 m in 2000 and 2015, respectively, in this region.
By depth-mapping the groundwater table variations for the two selected periods (the longer one of 1990–2015 and the shorter one of 2000–2015), it was capable of determining the incremental/decremental variations of the groundwater table in the form of contouring maps for the investigated area (see Figure 10). Then, the outcomes could be superimposed with the area transfers among various land utilization types during 1990–2015 and 2000–2015 for additional in-depth analysis. As a result, the area changes of each land utilization type versus its corresponding depth variations of groundwater table in both shorter and longer periods are obtained in Figure 11 (see Supplementary Tables S4, S5).
[image: Figure 10]FIGURE 10 | The spatial contour of the depth variation of the groundwater table in Huocheng plain: (A) 1990–2015 and (B) 2000–2015.
[image: Figure 11]FIGURE 11 | Area changes of land utilization types to varying depths of groundwater tables in Huocheng plain: (A) 1990–2015 and (B) 2000–2015.
As for the longer study period (1990–2015), the area where the depth of the groundwater table increased by more than 1 m was approaching 1,149.94 km2, accounting for 62.71% of the study area, as shown in Figure 5, including the area of cultivated land having increased by 65.24 km2, the area of construction land having increased by 10.88 km2, and the area of unused land having increased by 64.69 km2. The newly expanded area of cultivated land was mainly transferred from the sandy desert in the southern region of Huocheng plain since the sandy desert control became the primary goal in this region. Nevertheless, the surface water stored in adjacent rivers decreased due to increased catchment water discharging into ambient groundwater systems. Also, the surface water was almost cut off at all times except during the flood season, leading to decreased groundwater recharge from ambient surface water systems (e.g., rivers, creeks, other surface runoff, etc.). Simultaneously, under the influence of overirrigation in this area for a very extended period, the amount of irrigation into cultivated land per unit area was much higher than the water demand for crop growth, resulting in the constantly increasing groundwater consumption endlessly extracted from deep underground. Therefore, under the concurrent effect of multiple factors mentioned previously, such as the decrease of surface water supply and the continuous increase of groundwater extraction, the expansion of cultivated land area became the main reason for the groundwater table drawdown in Huocheng plain.
As for the shorter study period (2000–2015), the area where the depth of the groundwater table increased by more than 1 m ended with 999.02 km2, accounting for 54.48% of the entire study area, as shown in Figure 5; e.g., the area of cultivated land increased by 49.37 km2; the area of construction land increased by 28.16 km2; the area of unused land decreased by 84.39 km2. In addition, the construction land area increased significantly during this period, straightforwardly reflecting the continuous progress of urbanization in this region and the increasing dependence on groundwater consumption from which urban living and production were in need. The statistical analysis showed that the proportion of groundwater in the total water supply had increased nearly four times since 2000. Therefore, the expanding construction land area also became another reason for the decrease in the groundwater table in Huocheng plain.
6 DISCUSSIONS
Through exploring the variations of land utilization types and groundwater tables in two different temporal scales in the Huocheng plain, the research findings could be summarized as follows.
(1) For the longer temporal scale (1990–2015), the expansion of cultivated land led to the increasing irrigation demand, promoting the increase of canal systems and groundwater extraction, and finally resulted in the groundwater drawdown. On the one hand, the utilization coefficient of the canal systems increased from 0.48 in 1990 to 0.68 in 2014. The proportion of irrigation consumption accounted for more than half of the annual surface water runoff by 2015, proving the decreasing groundwater recharge from ambient surface water in the region. On the other hand, since the groundwater extraction mainly relied on mechanical pumping through artificial wells, the number of electromechanical pumped wells increased by 3.7 times in this area from 2000 to 2011, and the proportion of groundwater artificially extracted in this area increased by 5.35 times from 2000 to 2015. Those correlative analyses and research findings are consistent with the results and findings of Yang and He (2008) and the statistical analysis of surveying data on mechanical and electromechanical wells in Huocheng county.
(2) For the shorter temporal scale (2000–2015), the expansion of construction land was another reason for the drawdown of groundwater table in this region. This can be confirmed by the numerical simulation results of groundwater dynamics under the newly built industrial zone in this area (Yin, 2016). Through numerical simulations of groundwater dynamics in this industrial zone (Yin, 2016), the simulated results and their post-analysis predicted that the annual variation of groundwater table near the industrial park in the future would be about 2–4 times that of other areas in Huocheng plain.
(3) During 1990–2015, the subdivision boundary of the groundwater table moved northeastward significantly. The main reason was attributable to the fact that the population distribution in the following areas, including Huocheng county, Khorgoz city, Qingshuihe town, and the 63rd regiment of the Xinjiang Production and Construction Corps were increasingly dense, so the agricultural, industrial, and residential needs were increasing. With a limited amount of surface water, large-scale groundwater extraction increased the depths of groundwater table in Huocheng plain. Those correlative analyses are consistent with the research outcomes of Huo et al. (2020).
(4) The datasets of long-term observations of groundwater recharging/discharging sources and groundwater table variations in this area are still yet to be adequate and, therefore, need to be more comprehensive and sufficient. Besides, further attention should be paid to groundwater extraction by in situ hydrogeological investigation in order to collect more data on actual groundwater consumption from various land utilization types, including human-impact factors. Moreover, to further study the impact of varying types of land utilization on groundwater storage, it is necessary to eliminate the influence of natural impact factors on groundwater in/outflow. Last but not least, to acquire the evaporation discharge accurately, it is also necessary to consider the total amount of ecological water or plant water, such as soil water taken up by plants from the ground, released by plants by evapotranspiration, and retained in plants.
7 CONCLUSION
Based on the datasets of land utilization types for Huocheng plain from 1990 to 2015, this paper analyzed the dynamic characteristics of land utilization change and the spatiotemporal migration characteristics in the study area by using the dynamic model of land utilization degree, the transferring matrix method and standard deviation ellipse method. The effects of land utilization variations on groundwater balance and groundwater table were explored. The concluding points can finally be summarised as follows.
(1) In the study period, land utilization types frequently changed. For the longer temporal scale (1990–2015), the cultivated and construction land were the two types with the most significant changes in the region, and their area continued to increase constantly. The expansion was mainly transferred from grassland, unused, and forest land. For the shorter temporal scale (2000–2015), the construction land area increased significantly in this study area, and the primary transferred categories included cultivated land, grassland, and unused land. In the spatiotemporal migration of land utilization, the shift of the location center of cultivated land was slight and almost limited in the center of the entire study area. However, the transfer span of the location center of construction land was more extensive, and its migrating direction was mainly from south to northeast.
(2) During the past 25 years, the total amount of groundwater storage in the study area exhibited a downward trend from initial storage growth in positive in 1990 towards an eventual storage reduction in negative between 2000 and 2015. Also, the total recharge amount decreased by 2.09 × 108 m3/year, and discharge continuously declined by 1.88 × 108 m3/year. Meanwhile, the groundwater recharging and discharging elements were significantly altered, among which field irrigation and artificial extraction were the elements with the most significant variations. Thus, human activities were the fundamental driving terms that caused the changes in groundwater sources.
(3) Compared with 2000 and 2015, the subdivision boundary of the groundwater table, i.e., the boundary between the shallower (0–10 m) and deeper groundwater tables (10–150 m), migrated from south to northeast remarkably since the 1990s and the decrease in the groundwater table was more significant in the north. The average depths of the groundwater table decreased continuously in the study area over this period. The intermediate groundwater table corresponding to the construction land dropped the most over this period, followed by the cultivated land, and the unused land encountered the most minor changes in groundwater drawdown, which proved the temporal and spatial variation of the groundwater table was significantly affected by artificial extraction.
In conclusion, variation in land utilization types has been identified and recognized as one of the main driving factors for changing the groundwater balance state and reducing groundwater storage in this region. The dynamic evolutions of groundwater table and storage are highly correlated with the areal change in cultivated and construction land.
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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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111 changes discretely
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Absolute Energy 1 quiet period 277 399 452 463 Periods 1and I1, IV all increase with 65, with no specific pattern
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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 T regularity
B post-unloading 102 136 193 183
period
C sudden increase 25 45 52 78
period
D decrease period 48 64 96 189
Accumulated A pre-unloading 173 263 259 298 The sudden increase period and decrease period show an overall
absolute energy period increase as o increases, and no specific changing pattern can be
i 1 i found in the pre- and post-unloading periods
B post-unloading 91 138 193 174
period
C sudden increase 36 44 52 76
period
D attenuation 48 65 96 189
section
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Density Poisson  Compression Shear [EGE] Cohesion Tensile

(kg/m?) ratio modulus (MPa) modulus friction (KPa) strength
(MPa) angle () (MPa)
Anti-slide Pile 2,500 0.15 25,000 11,904 10,869 - * &
Landslide 1890 035 30 3333 JERYI 7.00 1500 002
mass
Subgrade 1890 035 30 3333 111 10.00 2000 002
Fill 1890 034 40 3922 1504 20.00 2000 003
Fully 1950 032 50 4630 1894 17.00 25.00 003
weathered
mudstone
Strong 2000 030 2000 1667.00 76923 25.00 5000 003
weathered
mudstone
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