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For the widespread exposure of toppling deformation phenomena in anti-dip engineering slopes such as hydropower, transportation, and mining, especially deep-seated toppling, these large-scale deep-seated toppling deformations reaching depths of hundreds of meters have become significant geotechnical engineering problems that restrict large-scale engineering construction and require urgent solutions. There are significant differences in the failure characteristics and mechanisms of anti-dip rock slopes under different soft and hard rock conditions. This study, starting from the failure characteristics and mechanisms under different soft and hard conditions of rocks, summarizes two types of toppling deformation: ductile bending deep toppling (DBDT) and brittle fracture shallow toppling (BFST). The UDEC method is used to preliminarily explore the threshold of rock mechanical parameters for these two types of toppling, with 80 MPa (UCS, uniaxial compressive strength) mechanical parameters serving as the preliminary threshold. The results indicate that hard rock undergoes BFST, whereas soft rock undergoes DBDT. The rock mechanical parameters of 100 MPa (UCS) and 20 MPa (UCS) were selected to study the evolution process and mechanism of DBDT and BFST deformations, respectively. Numerical simulation results have innovatively revealed the mechanical behavior characteristics between rock layers during the process of toppling deformation. Because toppling deformation mainly originates from interlayer displacement deformation and intra-layer tensile deformation of rock layers, the interlayer mechanical characteristics are of great significance for understanding the mechanism of toppling deformation. This research can provide a theoretical basis for the stability assessment and development utilization of anti-dip rock slopes and toppled slopes.
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1 INTRODUCTION
Toppling failure occurs in layered or quasi-layered rock masses, which trend parallel to the slope surface, with bending deformation toward the free face. As a typical slope failure mode, this occurs in an increasing number of engineering constructions, such as hydropower, transportation, and mining (Cruden and Hu, 1994; Tamrakar et al., 2002; Goodman, 2013; Hungr et al., 2014; Liu et al., 2016; Huang et al., 2017; Ning et al., 2019; Sardana et al., 2019; Zhu et al., 2020; Zhao et al., 2021; Jensen et al., 2024). The representative examples of toppling slopes include the left bank slope of the Jinping first-level Hydropower Station, the Yinshuigou slope of the Xiaowan Hydropower Station, the right dam shoulder slope of the Huangdeng Hydropower Station, the dam front slope of the Miaowei Hydropower Station, the dam front slope of the Gushui Hydropower Station, the Guobu bank slope of the Laxiwa Hydropower Station, the Cardinal River Coal Mine slope in Alberta, and the open-pit mine slope in Jinchuan.
The large-scale toppling deformation of rock masses with a depth of hundreds of meters has become a major geotechnical engineering problem that restricts the construction of large-scale projects and needs to be solved urgently. Once instability and failure occur, it can pose a threat to the safety of people’s lives and property, bringing about significant disasters to the development of the country (Xia et al., 2019; Tu et al., 2020; Zhao et al., 2021).
There are currently two mainstream classification methods for toppling failure. One of them is the Goodman and Bray (GB) method classification. Goodman and Bray (1976), through extensive case studies and by considering differences in the failure characteristics of toppling deformation, categorized toppling into two major types: primary toppling and secondary toppling. Primary toppling is further divided into three categories based on the deformation and failure modes of rock layers: flexural toppling, block toppling, and block-flexural toppling. Heok and Bray (1981) categorized secondary toppling deformation into five types based on the deformation location and mechanical mode of rock layers: sliding-head toppling, plastic flow toppling, sliding-toe toppling, tension-crack toppling, and sliding-base toppling. In actual practice, toppling slopes often involve a combination of two or more types of failure modes. Many scholars have conducted in-depth research and analysis on its influencing factors, deformation and failure mechanisms, and occurrence conditions. They mostly use a single numerical simulation method or incorporate on-site survey, monitoring, and model experiments. (Wang et al., 1992; Huang et al., 1994; Han and Wang, 1999; Huang, 2007; Huang, 2011; Huang et al., 2017; Cai et al., 2023; Guo et al., 2023; Zhang et al., 2024; Zheng et al., 2024).
Another classification of toppling deformation is summarized by Huang et al. (1994; 2007; 2012; 2017), who have analyzed numerous toppling cases. They classify toppling deformation into three categories from the perspective of genetic mechanisms and evolutionary processes: shallow toppling (brittle fracture toppling), deep toppling (ductile bending toppling), and complex toppling deformation (Figure 1). The brittle fracture shallow toppling (BFST) primarily corresponds to the block toppling and block-flexural toppling of the GB classification. The ductile bending deep toppling (DBDT) mainly corresponds to flexural toppling. Complex toppling mainly corresponds to secondary toppling. Nichol et al. (2002) also mentioned two types of toppling modes: brittle fracture toppling and ductile bending toppling.
[image: Figure 1]FIGURE 1 | Schematic diagram of toppling model. (A) ductile bending deep toppling model; (B) brittle fracture shallow toppling modl.
As key controlling factors influencing the development of toppling deformation, in addition to the spatial relationship between the rock layer orientation and slope surface, the rock soft and hard conditions are also crucial factors influencing the development of toppling slopes. Complex toppling is primarily influenced by the rock mass structural characteristics of the slope. The BFST and DBDT are significantly influenced by the soft and hard conditions of the rock.
The DBDT primarily occurs in geological formations dominated by soft rocks, including layers with certain thicknesses of hard rocks or interlayers (Figure 1A). It is widely distributed in “flexible” metamorphic rock formations, such as interbedded formations of metamorphic sandstone and slate, carbonaceous slate, phyllite, and other similar formations, as well as interbedded formations of gneiss and schist (Huang et al., 2017; Cai, 2020). Such rock masses are generally characterized by their soft nature behavior, low strength, thin individual layers, steeply dipping slopes, or nearly vertical orientations. They experience bending, creeping, and time-dependent deformation under the influence of sustained gravitational moments. This deformation is characterized by long-term bending toppling with minimal fracturing and exhibits a “flexible” deformation pattern.
The BFST primarily occurs in hard rock formations, such as carbonate rock formations and platy or blocky igneous rock formations subjected to jointing and fracturing (such as thin to moderately thick limestone, sandstone, and densely jointed granite). The essence of deformation in these formations is the “brittle” fracturing of hard rock layers or the “rigid” structural rotation along the bending fracture planes. Due to the brittle characteristics of these rock masses, even slight “bending” deformation can lead to fracture, resulting in a clear bending fracture surface (Figure 1B).
Based on the summary of a large number of case studies and starting from the soft and hard conditions of rocks, this study summarizes two types of toppling deformation: DBDT and BFST. Using the UDEC numerical simulation method, it preliminarily explores the rock mechanical parameter threshold values for these two types of toppling. Based on this, the study investigates the deformation evolution and mechanisms of DBDT and BFST.
2 GEOLOGICAL SETTING OF TOPPLING FAILURE
The failure characteristics of DBDT and BFST are described through case studies.
2.1 Brittle fracture shallow toppling (BFST)
As a typical toppling case, the Guobu bank slope of the Laxiwa Hydropower Station is used to illustrate the basic characteristics of BFST. The bank slope comprises ditches and ridges. The lithology of the slope rock mass mainly contains granites, which were formed in the Indosinian Period.
The Guobu bank slope at the Laxiwa Hydropower Station reveals a large-scale BFST. The reason for this is the intense unloading effect on blocky granite due to the down-cutting of the valley. This leads to the dense development of steep unloading fractures parallel slope surface, effectively transforming the blocky rock mass into a “plate-like” structure, resulting in the occurrence of toppling deformation. According to the observed characteristics of toppling deformation and structure, the toppling rock masses can be divided into intensified strong toppling (zone A), strong toppling (zone B), weak toppling (zone C), and loose-tensile fracture rock mass (zone D) (Figure 2). The zoning characteristics of the rock mass in the toppled slope are described as follows (Cai et al., 2019):
[image: Figure 2]FIGURE 2 | Rock mass of toppling zones of bank slope at Laxiwa Hydropower Station. (A) Zone A rock mass; (B) zone B rock mass; (C) zone C rock mass; (D) zone D rock mass; (E) toppled bank slope section at Laxiwa Hydropower Station.
Zone A—intensified strong toppling zone: the plate-like granite rock mass undergoes intense “cantilever beam”-type toppling and breaking, forming a tension-shear fracturing zone outside the gently inclined slope. The shallow fractured rock mass near the slope surface undergoes gravity overturning along the toppling fracture surface (zone) inclined toward the outside of the slope. This situation mainly occurs in the protruding part of the terrain where the three sides of that face free face (Figure 2A).
This type of rock mass exhibits intense toppling fracture. It generally has embedded fragmentation and blocky structures with some local fragmented structures, and it is in a state of intense unloading and relaxation. The prominent feature of this deformation and fracturing is that unlike the situation where a toppled angle greater than 50° is usually required for whole breaking and fracturing to occur in plate-like metamorphic rock mass, the plate-like granite rock mass begins to experience fracturing at a toppled angle exceeding 18°, with overall breaking and fracturing occurring at around 35°. In zone A, rock masses after toppling and fracturing experience partial collapse and destabilization. Most of them remain in a “stacked” shape on the shallow surface of the slope, typically in a state of blocky fractures or disintegration. This situation often leads to shallow stability issues of the toppled slope.
Zone B—strong toppling zone: toppling deformation results in tension cracks between granite rock slabs, resulting in wide tension cracks. The rock slabs are partially fractured and broken, and the variation of toppled angle generally ranges from 10° to 15°. The rock mass undergoes tensile and relaxation deformation, and the bedding plane generally undergoes relatively strong tensile deformation, with an overall blocky structure and locally embedded fragmented structure. The rock mass is generally under overall strong unloading and local weak unloading, with relatively poor integrity (Figure 2B).
Zone C—weak toppling zone: the toppled angle of the granite rock slabs in this zone is very small, less than 5°, or almost non-existent. There are only tensional fractures occurring between rock slabs, and within rock slabs, there are localized minor tensile fractures (fractures within the rock slabs become visible when the toppled angle reaches 5°). The rock mass is generally in a weak unloading state of tensional fracture, with a blocky structure, and it exhibits relatively good overall integrity. This type of deformation represents a weaker degree of toppling deformation and generally occurs in the deeper parts of the deformed rock mass, which is a relatively stable part within the slope (Figure 2C).
Zone D—relaxation with tensional fractures: this zone represents an elastic relaxation area in the deeper parts of the slope, resulting from the outward toppling effect. No significant toppling is observed; only localized relaxation and tensional fractures along joint surfaces are seen. The rock mass exhibits a blocky-whole structure and is essentially in its original state. This phenomenon is one of the characteristics of the plate-like fractured granite rock mass, which shows its prominent elastic properties (Figure 2D).
2.2 Ductile bending deep toppling (DBDT)
The slope in front of the dam at the Miaowei Hydropower Station is a typical soft and hard interbedded structure slope, primarily composed of metamorphic rocks. Using the slope in front of the dam as an example, the basic characteristics of the DBDT are explained.
The exposed bedrock in this slope is the third sub-rock group (J2h2–3) in the upper section of the Jurassic Huakai Left Formation. The rock types mainly include slate, phyllite, schist, and metamorphic quartz sandstone, with alternating soft and hard rock conditions. Due to significant tectonic activity, the structural orientation of the rock layers varies considerably in space, and the overall trend of the normal bedding planes is with a dip angle of 80°–85°. Due to factors such as slope terrain and rock mass structure, the slope in front of the dam experiences strong toppling deformation (Figure 3).
(1) Zone A—toppling and collapse zone
[image: Figure 3]FIGURE 3 | Rock mass of toppling zones of the slope in front of the dam at Miaowei Hydropower Station. (A) Zone A rock mass; (B) zone B upper rock mass; (C) zone B lower rock mass; (D) zone C rock mass; (E) toppled front slope of the dam section at Miaowei Hydropower Station.
When the rock layers topple and rotate significantly, the rock mass undergoes intense fracturing and breaking, forming a tensile fracture zone steep dip outside the slope. There is significant internal rock tensile fracture, strong relaxation, and clear evidence of overhangs, with cracks filled with gravel, angular fragments, and rock debris. For those with severe deformation, the rock mass above the fracture zone is almost separated from the underlying bedrock, and local gravitational fall displacement occurs. This type of fracture is extremely intense toppling deformation and occurs in the shallow surface of the rock mass undergoing toppling deformation (Figure 3A).
(2) Zone B—strong toppling zone
This zone can be further divided into two subsections, upper and lower, based on the intensity of toppling and the different fracturing mechanisms.
Zone B upper-toppling and dislocation zone (Figure 3B).
When the rock layers experience significant toppling, in addition to intense tensile fracturing within the layers, shear deformation (tensile-shear) occurs along gentle dip outer joints of the slope, exhibiting significant development of cutting shear layer. This type of deformation and fracturing belongs to the upper section of intense toppling and occurs in the middle part of the rock mass undergoing toppling deformation.
Zone B lower-toppling and tensile zone (Figure 3C).
With an increasing toppled angle of the rock layers, vertical bedding tensile fracturing begins to develop within the layers or along existing structural planes. This type of tensile fracturing generally occurs in the hard rock layers between two softer rock layers, representing a situation with a relatively strong toppling deformation. Spatially, it occurs in the deeper parts of the toppled slope.
(3) Zone C—weak toppling deformation zone
In this zone, the toppled angle of rock layers is relatively small, which is generally less than 10°. The layered rock masses experience shear sliding along interlayer or relatively weak rock zones. There are no significant fractures within the layers, and only minimal tensile fractures occur within the harder rock layers. This type of situation represents a weak toppling deformation and is typically found in the deeper parts of the slope (Figure 3D).
It is worth noting that the interface between zones B and C is also where the rock layers exhibit the higher curvature of bending toppling. It is the location where rock layer fracturing is most likely to occur. Therefore, the bottom surface of zone C and the top surface of zone B serve as potential sliding surfaces for deep-seated sliding associated with toppling deformation (Figure 3E).
3 TYPICAL TOPPLING CASES
From the existing research works, it is evident that the mechanical properties of the toppled rock mass are closely related to the development characteristics of its toppling deformation. Starting from the soft and hard conditions of rocks, we can summarize the relationship between the characteristics of toppling deformation and the rock mass’s mechanical parameters through typical cases. Table 1 presents the selected typical examples of toppled slopes and their rock mass mechanical parameters.
TABLE 1 | Typical cases of toppled slopes and their rock mass mechanical parameters.
[image: Table 1]According to the standard for engineering classification of rock mass (Ministry of Construction of the People’s Republic of China, 2014), the uniaxial compressive strength (UCS) value is used to differentiate between hard and soft rock for the classification of engineering rock masses. If the UCS is greater than 30 MPa, it is classified as hard rock, and if it is less than 30 MPa, it is classified as soft rock. However, the soft and hard characteristics of toppling rock masses are different from those of engineering rock masses.
4 MECHANICAL PARAMETER THRESHOLD FOR TOPPLING SOFT AND HARD ROCKS
4.1 Model parameters
The classification of soft and hard rock in toppling rock masses is different from the classification of general engineering rock masses (Table 1). Table 1 provides statistics of rock mechanics parameters for typical toppled rock mass cases, demonstrating significant differences in mechanical parameters (saturated uniaxial compressive strength, elastic modulus, and Poisson’s ratio) between toppled rock masses and general rock masses. Hard rock typically exhibits characteristics of breaking and fracturing, whereas soft or relatively soft rock generally shows “flexible” features, involving ductile deformation, and experiences ductile bending toppling.
This section adopts the discrete element method (UDEC) to establish a numerical simulation model to investigate the mechanical parameter thresholds between BFST hard rock and DBDT soft rock. The discrete element method is highly effective for analyzing toppling deformations in layered and blocky rock masses.
The numerical model will provide a detailed representation of the development and evolution of toppling deformations, including the law of interlayer dislocation and movement and the development of interlayer stresses. The model parameters are chosen with reference to the research parameters of Nichol et al. (2002) to analyze the effects of toppling deformations for different UCS rock mechanical parameter sets. Considering that toppling deformations commonly occur in rock masses with blocky or massive structures, it is assumed to select a block structured rock mass with a rock mass strength index (GSI=62). The UCS values selected for the numerical model are 10, 20, 40, 60, 80, and 100 MPa, representing a range of rock mechanical parameters for the threshold analysis. The parameters used in the models are shown in Tables 2–4.
TABLE 2 | Mechanical parameters of rock mass.
[image: Table 2]TABLE 3 | Mechanical parameters of the structural plane.
[image: Table 3]TABLE 4 | Elastic modulus and Poisson’s ratio parameters of rock mass.
[image: Table 4]4.2 Numerical model
The experimental model in this study takes into account the influence of boundary effects on the study area. The simplified model has dimensions of 380 m (horizontal direction) × 200 m (horizontal direction) and includes a single set of bedding planes. The rock layers have a dip angle of 75°, and within the main study area, the spacing between them is 3 m. From the surface of the slope toward the interior of the slope, the spacing gradually increases to 3 m, 12 m, and 48 m. The main research area has a slope height of 80 m. The numerical model created for this study is shown in Figure 4. The boundary conditions of the model are set with velocity constraints on the left and right boundaries (X-direction) and the bottom boundary (Y-direction), whereas the slope surface is considered a free face. The model’s rock materials adopt an elastic–plastic model with the Mohr–Coulomb yield condition, and the stress field in the model only considers the effects of gravity.
[image: Figure 4]FIGURE 4 | Experimental design model.
4.3 Mechanical parameters threshold
The model was computed to obtain its toppling failure process. The same steps of iterations were set (100,000). The final failure patterns for different schemes were overlaid with the original model, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Model overlay effect images of different rock mechanics parameters. (A) FA01, 10 MPa; (B) FA02, 20 MPa; (C) FA03, 40 MPa; (D) FA04, 60 MPa; (E) FA05, 80 MPa; (F) FA06, 100 MPa.
The comparative analysis of overlay effect images for different schemes with varying rock mechanics parameters reveals the following. In the images (Figure 5), the left corner shows the final failure state of the model, while the right corner displays enlarged overlay images of the models before calculation and after failure. The black lines represent the model before calculation, and the green lines represent the final failure state after 100,000 steps.
From Figure 5, it is evident that within a UCS range of 10 MPa–80 MPa, significant bending toppling deformations occur near the crest of the model. As UCS increases, the extent of the toppling deformation and the magnitude of deformation decrease gradually. Specifically, when UCS is 80 MPa, the bending toppling deformations are minimal and not significant. When UCS is 100 MPa, as seen in the local magnification of the deformation overlay images, the deformation values are minimal, and there are no apparent toppling and bending phenomena.
Based on the analysis of the overlay effect images, it can be concluded that the range of rock mechanics parameters corresponding to bending toppling deformations in the model lies within the range of 80 MPa–100 MPa for UCS. The Poisson’s ratio of the rock is assumed to be 0.25, and the range of values for tensile strength and elastic modulus are 0.01 MPa–0.12 MPa and 17.8 MPa–20.0 MPa, respectively. It is reasonable to preliminarily assume that the rock mechanics parameters with UCS = 80 MPa serve as the threshold values that separate soft rock with ductile bending deformations from hard rock with brittle fractures. These threshold values are as follows: tensile strength of 0.01 MPa, Poisson’s ratio of 0.25, and elastic modulus of 17.8 MPa.
As the parametric study through numerical simulations is not comprehensive enough and lacks depth, further calibration is needed through extensive investigations of field cases to confirm whether 80 MPa is indeed the critical threshold for ductile bending toppling deformations. However, for trend analysis in numerical simulations, this threshold can be considered a preliminary reference value for rock mechanics parameters, subject to further validation by additional research.
5 EVOLUTION ANALYSES OF BFST AND DBDT
5.1 Brittle fracturing shallow toppling (BFST)
For the BFST, the rock mechanical parameters are chosen with UCS = 100 MPa.
The experimental design considered that the UDEC calculation process cannot simulate block self-fracture breaking. We determine bending fracture based on the plastic zone of tension failure, and a verification model for rock tensile failure was chosen to reveal the tensile fracture process in brittle fracturing toppling failure (Cai et al., 2020).
The approach for brittle fracturing toppling failure is to insert a stepped fracture plane based on the depth of toppling fracture. The depth of fracture is determined according to the mechanical analysis (Cai et al. 2022). To analyze the mechanical behavior characteristics throughout the development of toppling deformation, multiple levels of fracture depths are inserted, mainly to capture tensile failure in the plastic zone of the model.
5.1.1 BFST displacement vector evolution
After calculating 100,000 steps for the BFST model, there were no significant macroscopic flexible toppling deformations or signs of failure. On examining the distribution of the plastic zone, it is apparent that the rock layers have experienced tensile failure. As the UDEC software itself cannot simulate block self-fracture breaking, and to account for the rock’s tensile fracture, fractures are inserted to represent the occurrence of tensile fractures in the model. The depths of these inserted fractures represent multiple levels of toppling fracture depths.
In the model’s slope foot, based on studies of toppling fracture surfaces (Aydan and Kawamoto, 1992), a straight line inclined at an angle of 12° to the plane of the rock layers was chosen as the base sliding surface for the lower sliding area of the slope. This line intersects with the model’s toppling fracture depth. The specific deformation and failure evolution process is described as follows.
The original model underwent 100,000 steps without showing significant macroscopic flexural deformation or signs of failure. However, the displacement vectors during the computation process indicated the toppling deformation of the rock layers, with the horizontal component being significantly greater than the vertical component. The vector’s direction corresponds to the direction of the toppling deformation. With an increase in the number of iterative steps, the values of the displacement vectors gradually increased, changing from 0.08866 m at 10,000 steps to 0.4581 m at 100,000 steps, with the horizontal displacement component increment being larger than the vertical component increment. Figure 6 shows the overlay images of the initial model (in gray) and the certain step model (in green), and a clear comparison of the rock slab deformation before and after also highlights its toppling deformation characteristics.
[image: Figure 6]FIGURE 6 | BFST displacement vectors evolution process. (A) Original model 10,000 steps; (B) original model 100,000 steps; (C) inserted cracks model 10,000 steps.
When the iteration reached 100,000 steps, the plastic zone was primarily characterized by tension failure. Those yielded in past elements during the model stress adjustment process were not considered for the current slope failure. These elements on the yield surface or undergoing tension failure is similar in shape to the calculated fracture depth of a single rock slab in the rock layer, approximately in a stepped shape, as illustrated in Figure 7.
[image: Figure 7]FIGURE 7 | Plastic zone distribution of the original model at 100,000 steps.
Based on the distribution characteristics of the plastic zone after 100,000 steps and the toppling fracture depth (Cai et al., 2022), a new calculation model was constructed by inserting cracks (fracture surfaces). The newly toppled fractured model was then recalculated, and each level of fracture depth at this time was simplified as the first fracture depth.
Figure 6C indicates that the maximum displacement vector of the new model after 100,000 steps is 14.89 m, and the maximum displacement vector occurs at the top corner of the slope, with the toppling deformation being most prominent. At this point, the failure baseline mainly occurs at the interface of the same level fracture depth within the slope.
5.1.2 Stress and deformation characteristics evolution
The results of the BFST original model are shown in Figure 8 to Figure 9.
[image: Figure 8]FIGURE 8 | Stress characteristics of the original model evolution process. (A) XX stress contour 10,000 steps; (B) YY stress contour 10,000 steps; (C) XY stress contour 10,000 steps.
[image: Figure 9]FIGURE 9 | Stress characteristics of the original model evolution process. (A) XX stress contour 100,000 steps; (B) YY stress contour 100,000 steps; (C) XY stress contour 100,000 steps; (D) XY strain contour 100,000 steps.
Figure 8 displays stress distribution after 10,000 iterations, and the Y-direction stress conforms to the typical layer-wise distribution. The X-direction stress contour shows the presence of localized compressive stress at the slope foot, with an area of tensile stress concentration at the slope crest. The XY shear stress contour reveals a concentration of shear stress in a certain depth range at the slope foot, with the maximum shear stress value being 6×105Pa.
When the iteration increases to 100,000 steps (Figure 9), the Y-direction stress shows compressive stress concentration in individual layers at the bottom of the study area, as a result of stress adjustments. The numerical values of compressive stress concentration at the slope foot in the X-direction stress contour have increased from 1.2×106 Pa to 1.5×106Pa, and the scale of tensile stress concentration at the slope crest has also expanded. The range of shear stress concentration at the slope crest in the XY shear stress has increased. Figure 9 indicates that, at this point, the model exhibits relatively small shear strains with an irregular distribution, and there is no apparent potential surface for instability or failure.
After inserting cracks into the newly created model, the stress–strain characteristics of 100,000 steps are as shown in Figure 10. At this point, the rock mass exhibits significant toppling deformation along the toppled fracture surfaces.
[image: Figure 10]FIGURE 10 | Stress characteristics of the inserted crack model evolution process. (A) XX stress contour 100,000 steps; (B) YY stress contour 100,000 steps; (C) XY stress contour 100,000 steps; (D) XY strain contour 100,000 steps.
Figure 10 illustrates the X-direction stress, with compressive stress increasing to 3.75×106Pa at the slope foot. Y-direction stress experiences an increase in compressive stress within the toppled slope along the same level fracture surfaces, with stress values rising to 1–2×106Pa. XY shear stress, centered at the slope foot, forms multiple bands of concentrated shear stress along the same-level fracture surfaces, with shear stress values increasing to 3.5×106Pa. Figure 10 indicates that shear strain mainly occurs within the rock blocks at the slope foot and within the range of the second-level fracture depth. These results suggest that the implantation cracks of the newly created model result in significant toppling deformation and stress concentration related to the toppled fractured surfaces.
After 100,000 iterations of the original model, the model overlay images show that there was no significant deformation. The specific displacement results can be seen in Figure 11. As the steps increase, both the maximum displacements in the X and Y directions slightly increase. At 10,000 steps, the maximum displacements were 0.06 m in the X-direction and 0.06 m in the Y-direction. However, at 100,000 steps, the maximum displacement increased to 0.4 m in the X-direction and 0.16 m in the Y-direction, with the X-direction displacement being greater than the Y-direction displacement change. Overall, the extent of deformation development did not change significantly.
[image: Figure 11]FIGURE 11 | Displacement characteristics of the original model evolution process. (A) XX displacement contour 10,000 steps; (B) YY displacement contour 10,000 steps; (C) XX displacement contour 100,000 steps; (D) YY displacement contour 100,000 steps.
After inserting cracks and reconstructing the model, the overlay image results of the newly created model reveal that significant toppling deformation and failure occur after 100,000 iterations (Figure 12). The results of the iterative calculations indicate that as the steps increase, both the maximum displacements in the Xand Ydirections increase. At 10,000 steps, the maximum displacements were 1.2 m in the X-direction and 0.35 m in the Y-direction. However, at 100,000 steps, the maximum displacements increased to 12.0 m in the X-direction and 6.0 m in the Y-direction. It is evident that the X-direction displacement change is greater than that in the Y-direction, indicating the characteristics of toppling deformation. Additionally, the range of deformation and failure continuously expands.
[image: Figure 12]FIGURE 12 | Displacement characteristics of the inserted crack model evolution process. (A) XX displacement contour 10,000 steps; (B) YY displacement contour 10,000 steps; (C) XX displacement contour 100,000 steps; (D) YY displacement contour 100,000 steps.
5.1.3 Characteristics of interlayer stress and displacement
When the tensile and shear stress acting on the structural planes exceed their strength, the cracks begin to open. Once the opening exceeds a certain limit, it becomes impossible to obtain information about further opening changes and the stress distribution on the structural planes. The magnitude of the opening obtained in the model is directly proportional to the forces acting on the structural planes within the model. The opening of the structural planes can reflect the stress distribution on the rock layer’s structural planes.
From Figure 13, each red line in the figure has a width equal to “each line thick” shown in the figure. The overall width represents the cumulative opening of multiple lines, and this width signifies the opening of the structural planes. During the development of toppling deformation, the maximum opening of the structural planes in the original model was 0.0159 m at 10,000 steps and 0.1117 m at 100,000 steps, respectively. After inserting the cracks, the maximum opening of the structural planes was 0.2795 m at 50,000 steps and 0.2697 m at 100,000 steps, respectively.
[image: Figure 13]FIGURE 13 | Distribution and variation of structural plane openings. Each red line in the figure has a width equal to “each line thick,” where the overall width represents the cumulative opening of multiple lines, and this width signifies the opening of the structural planes. (A) Original model 10,000 steps; (B) original model 100,000 steps; (C) inserted crack model 50,000 steps; (D) inserted crack model 100,000 steps.
The structural plane opening of the original model initially occurred at the front edge of the slope, and the deformation in the original model was not significant. The opening values were relatively small, with a maximum of 0.1117 m, and there was no extension of the opening of the structural plane.
The structural plane opening of the inserted cracks model was larger, and the opening phenomenon is significant. Additionally, the pre-existing opening of the structural planes extended into the deeper slope. The opening of the structural planes often occurred near the root of the toppled fracture surfaces. The main reason was the rotational deformation of rock blocks after the fracture, which resulted in non-coordinated deformation between the blocks, leading to the formation of open spaces near the fracture surfaces and in triangular areas above the fracture surfaces. As the toppling deformation continued, some of the local openings closed.
The toppling deformation originates from the interlayer shear displacement, and the development of interlayer shear displacement can reflect the displacement characteristics of toppling deformation. From Figure 14, it is evident that each red line has a width equal to “each line thick,” as shown in the figure. The overall width represents the cumulative width of multiple lines, and this width signifies the value of shear displacement of the structural planes.
[image: Figure 14]FIGURE 14 | Distribution and variation of shear displacement on structural planes. Each red line has a width equal to “each line thick,” where the overall width represents the cumulative width of multiple lines, and this width signifies the value of shear displacement of the structural planes. (A) Original model 10,000 steps; (B) original model 100,000 steps; (C) inserted crack model 50,000 steps; (D) inserted crack model 100,000 steps; (E) definition of shear displacement direction, two points A and A′, before separation (1), after separation (2); left lateral shear displacement is the left side of A at the original corresponding point after separation.
During the development of toppling deformation, the maximum shear displacement of the structural planes was 0.013 m at 10,000 steps and 0.0411 m at 100,000 steps in the original model. The maximum shear displacement of the structural planes was 1.245 m at 50,000 steps and 2.064 m at 100,000 steps in the inserted cracks model.
Overall, the original model exhibited insignificant shear deformation, with relatively small maximum shear displacement values, reaching a maximum of 0.0411 m. There is no significant extension of shear displacement along the structural planes. The shear displacement of the structural planes was larger, and shear dislocation was more pronounced in the inserted cracks model.
5.2 Ductile bending deep toppling (DBDT)
For the DBDT, the rock mechanical parameters are chosen with UCS = 20 MPa. The DBDT takes into account the development characteristics of the plastic zone, the distribution law of shear strain, and the curvature of rock slabs comprehensively. Different bending curvature values are selected to insert cracks instead of potential bending fracture surfaces to reconstruct the model for the toppling failure process analysis.
5.2.1 DBDT displacement vector evolution
After calculating 100,000 steps, significant macroscopic flexible deformation becomes apparent, and the rock layers exhibit notable tensile failure. The multiple fracture depths for toppling are expressed through the depth of inserted cracks. Simultaneously, considering the maximum tensile strain characteristics, the deformation trace lines of maximum curvature experience complex tensile and compressive stresses and the deformation failure is severe. These areas serve as toppling bending surfaces and are most likely to evolve into potential sliding surfaces after long-term geological periods. Field investigations suggest that flexible toppling deformation leading to instability and failure typically occurs at moderate to relatively deep levels along the curvature surfaces.
The specific evolution of deformation failure is described as follows.
Figure 15 illustrates the displacement vectors of the original model during the calculation process. The direction of the vectors corresponds to the toppling direction. As the number of steps increases, the values of the maximum displacement vectors gradually increase. The maximum displacement at 10,000 steps is 1.644 m, at 50,000 steps, it is 25.66 m, and at 100,000 steps, it is 25.67 m. Additionally, the increment in the horizontal displacement component is larger than that of the vertical displacement component.
[image: Figure 15]FIGURE 15 | DBDT displacement vectors evolution process. (A) Original model 10,000 steps; (B) original model 50,000 steps; (C) original model 100,000 steps.
At this point, the deformation displacement also tends to stabilize, and it can be considered to have entered the creep stage. Due to the software’s own limitations, the rock blocks will not undergo further fracture. It is assumed that the final failure of the slope will occur along the curved fracture surfaces along the fracture surfaces with approximately equal curvature, and the deepest maximum curvature trace line is inserted as the potential sliding surface.
Figure 16 shows the deformation characteristics of the inserted cracks model during the entire process of 100,000 iterations. The calculation results indicate that as the number of steps increases, the value of the maximum displacement vector gradually increases. The toppling rock slabs begin to slide and become unstable along the inserted potential sliding surface. The maximum displacement at 10,000 steps is 5.935 m, at 50,000 steps it is 26.46 m, and at 100,000 steps, it is 37.27 m. At this point, the maximum deformation displacement occurs at the slope foot.
[image: Figure 16]FIGURE 16 | DBDT displacement vectors evolution process. (A) Inserted cracks model 10,000 steps; (B) inserted cracks 50,000 steps; (C) inserted cracks model 100,000 steps.
5.2.2 Stress and deformation characteristics evolution
The results of the original models for the DBDT can be seen in Figure 17 and Figure 18. Figure 17 shows the stress distribution at 10,000 steps, and the stress distribution in the Y-direction conforms to the typical layer-wise distribution. The X-direction stress distribution indicates a concentration of compressive stress in the slope foot, with a maximum X-direction stress value of 3×106 Pa. The shear stress distribution in the XY plane shows a concentration of shear stress in the slope foot, with a maximum shear stress of 1.5×106 Pa. When it reaches 100,000 steps, the X-direction stress distribution in the slope foot exhibits a higher concentration, increasing from 3.0×106 Pa to 4.0×106 Pa.
[image: Figure 17]FIGURE 17 | Stress characteristics of the original model evolution process. (A) XX stress contour 10,000 steps; (B) YY stress contour 10,000 steps; (C) XY stress contour 10,000 steps.
[image: Figure 18]FIGURE 18 | Stress characteristics of the original model evolution process. (A) XX stress contour 100,000 steps; (B) YY stress contour 100,000 steps; (C) XY stress contour 100,000 steps; (D) XY strain contour 100,000 steps.
Figure 18 indicates that the shear strain in the model at 100,000 iterations is nearly continuous, with a likely potential surface for instability and failure that extend along the curvature equivalent points from near the front edge of the slope to the slope crest.
After 100,000 iterations, the rock mass of the inserted cracks model exhibits significant sliding deformation along the trace lines of the curvature equidistant points and the bending surfaces (Figure 19).
[image: Figure 19]FIGURE 19 | Stress characteristics of the inserted crack model evolution process. (A) XX stress contour 100,000 steps; (B) YY stress contour 100,000 steps; (C) XY stress contour 100,000 steps; (D) accumulation rock mass of toppled bank slopes at Miaowei Hydropower Station.
The compressive stress in the X-direction at the slope foot increases to 5.5×106 Pa. In the Y-direction, the compressive stress in the X-direction near the slope foot experiences an increase along the fracture surfaces, with stress values increasing to 6.5–7.5×106 Pa. Shear stress in the XY plane is centered at the slope foot, forming localized bands of concentrated shear stress along the same level fracture surfaces, with shear stress values increasing to 3.0×106 Pa. The structural effect of the toppled rock mass controls the non-collapse discretization of the accumulation rock mass, as shown in Figure 19C.
The support conditions of the slope foot control the deformation and failure of the toppling slope. If the support of the slope foot is lost, the toppling slope will experience instability and failure along the potential sliding surface with the maximum shear strain zone. On the other hand, when the support conditions at the foot of the slope are intact, the toppling slope experience enters a temporary stable stage until the support conditions of the slope foot are lost (Figure 19D).
As the steps of the original model increase, the maximum displacements in both the X-direction and Y-direction increase (Figure 20). At 10,000 steps, the X-direction displacement is 0.06 m and the Y-direction displacement is also 0.06 m. At 100,000 steps, the X-direction displacement is 0.4 m and the Y-direction displacement is 0.16 m. The displacement in the X-direction is greater than the change in the Y-direction. Overall, the extent of deformation development did not change significantly.
[image: Figure 20]FIGURE 20 | Displacement characteristics of the original model evolution process. (A) XX displacement contour 10,000 steps; (B) YY displacement contour 10,000 steps; (C) XX displacement contour 100,000 steps; (D) YY displacement contour 100,000 steps.
After reconstructing the model, the calculation results indicate that as the steps of the inserted model increase, the maximum displacements in both the X-direction and Y-direction also increase (Figure 21). At 10,000 steps, the X-direction displacement is 5.0 m, and the Y-direction displacement is 4.0 m. At 100,000 steps, the X-direction displacement is 35.0 m, and the Y-direction displacement is 14.0 m. It is evident that in the initial stage of deformation, the maximum displacement occurs at the slope crest, and then the maximum deformation displacement occurs at the slope foot. The deformation development at the slope foot further intensifies the toppling deformation of the toppled rock mass.
[image: Figure 21]FIGURE 21 | Displacement characteristics of the inserted crack model evolution process. (A) XX displacement contour 10,000 steps; (B) YY displacement contour 10,000 steps; (C) XX displacement contour 100,000 steps; (D) YY displacement contour 100,000 steps.
5.2.3 Characteristics of interlayer stress and displacement
From Figures 22A,B, it can be observed that the red lines in the figure, with each line having a width equivalent to “each line thick,” represent the cumulative width of multiple lines, signifying the opening degree of the structural planes.
[image: Figure 22]FIGURE 22 | Distribution and variation of structural plane opening and shear displacement on structural planes. Each red line in the figures (A) and (B) has a width equal to “each line thick,” where the overall width represents the cumulative opening of multiple lines, and this width signifies the opening of the structural planes. Each red line in the figures (C) and (D) has a width equal to “each line thick,” where the overall width represents the cumulative width of multiple lines, and this width signifies the value of shear displacement of the structural planes. (A) Original model 10,000 steps; (B) original model 100,000 steps; (C) inserted crack model 50,000 steps; (D) the inserted crack model 100,000 steps.
During the development of toppling deformation, the maximum opening of these structural planes is recorded as 0.2693 m at 10,000 steps and 0.2672 m at 100,000 steps. The structural planes opening of the original model initially occurs at the front edge of the slope, and the original model exhibits a significant toppling deformation effect with relatively large structural planes openings. The existing structural planes opening continue to develop deeper into the model. Structural planes openings mainly occur near the portions with significant curvature and bending in the layers. This is primarily due to the occurrence of detachment of layers as a result of the interlayer bending. At this point, anti-slope scarps are visible at the slope crest and the slope surface, and some of the local openings close with the toppling deformation continuing.
The toppling deformation originates from the interlayer shear displacement, and the development of interlayer shear displacement can reflect the displacement characteristics of toppling deformation. From Figures 22C,D, it is evident that each red line has a width equal to “each line thick,” as shown in the figure. The overall width represents the cumulative width of multiple lines, and this width signifies the value of shear displacement of the structural planes. During the development of toppling deformation, the maximum shear displacement of the structural planes is recorded as 0.1382 m at 10,000 steps and 2.447 m at 100,000 steps in the original model. Overall, the original model exhibits significant shear deformation with relatively large shear displacement of the structural planes, and shear dislocation was more pronounced in the original model.
5.3 Discussion of toppling failure
Generally, hard rock masses typically develop into shallow toppling, primarily characterized by stability issues at shallow depths of toppled slope. Most studies are focused on addressing these concerns of shallow toppling stability. However, rock masses dominated by soft rocks exhibit greater depths of toppling deformation, and once overall instability and failure occur, the engineering hazards are significant (Alejano et al., 2018; Zheng et al., 2018).
The rock mass mainly composed of soft rock undergoes bending and toppling deformation, resulting in certain interlayer openings at the maximum bending position, while other parts exhibit interlayer closures. In contrast, formations dominated by hard rock undergo BFST, with significant rock fragmentation and overhead state at the toppling fracture surface.
Ductile bending toppling deformations in formations dominated by soft rock require a relatively long evolutionary process, whereas brittle fracture toppling in formations dominated by hard rock tends to be sudden. This study is in agreement with the works of research workers namely, Huang et al. (2017) and Huang. (2007). These characteristics also indicate the primary features and mechanisms of toppling deformations under different rock hardness conditions.
6 CONCLUSION
Using the UDEC numerical simulation method, we can conclude that the range of rock mechanics parameters correspond to bending toppling deformations within the range of 80 MPa–100 MPa. This 80 MPa can be considered a preliminary reference threshold for two types of toppling; this threshold can be considered a preliminary reference value for rock mechanics parameters of ductile bending deep toppling.
Based on the summary of a large number of case studies, we summarize two types of toppling deformation: DBDT and BFST. The Guobu bank slope at the Laxiwa Hydropower Station reveals a large-scale BFST of blocky granite. The toppling rock masses are divided into intensified strong toppling (zone A), strong toppling (zone B), weak toppling (zone C), and loose-tensile fracture rock mass (zone D) based on the characteristics of toppling deformation and structure. The dam front slope at the Miaowei Hydropower Station is a typical DBDT case with alternating soft and hard rock conditions. The toppling rock masses are divided into toppling and collapse (zone A), strong toppling (zone B), and weak toppling (zone C).
Using the UDEC numerical simulation method, the development process and characteristics of DBDT and BFST were revealed from the displacement vector, overall displacement stress characteristics, interlayer stress, and displacement characteristics, which are in good agreement with the field investigation results.
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