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Toppling deformation can be classified into deep toppling (DT) and shallow toppling (ST) based on deformation mechanisms and development depth of rock mass under different soft and hard rock conditions. Currently, the toppling zoning indicators and quantitative criteria are not uniform, and human factors have a significant influence on the toppling zoning indicators. Summerizing and analyzing the existing toppling cases and toppling zoning researches, this study selects rock layer toppled angle, maximum tension within layer, unit tension within layer, and longitudinal wave velocity as indicators for toppling zoning. Considering the differences in the characteristics of deep toppling (DT) and shallow toppling (ST), the quantitative criteria for the deep and shallow toppling zoning indicators are determined respectively. This study employs the Analytic Hierarchy Process (AHP) and fuzzy comprehensive evaluation method to establish toppling zoning evaluation models. The deep toppling dam site slope at Miaowei hydropower station and the shallow toppling bank slope of Xingguang Ⅲ formation at Xiluodu Hydropower Station were tested, respectively. These results are compared with toppling zoning of field surveys to verify the rationality and applicability of the models. This achievement holds significant reference value for the toppling zoning of rock masses in engineering slopes, especially in the construction, development, and engineering management of toppling slopes.
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1 INTRODUCTION
Toppling deformation has been found in the construction of numerous engineering projects such as mines, highways, and hydropower (Cruden and Hu, 1994; Tamrakar et al., 2002; Liu et al., 2016; Ning et al., 2019; Sardana et al., 2019; Zhu et al., 2020; Tao et al., 2021; Zhao et al., 2021; Zhu et al., 2021; Cui et al., 2023). As a typical form of slope failure (Goodman, 2013; Hungr et al., 2014; Huang et al., 2017), toppling deformation failure is increasingly found in many places, especially in hydropower projects (Zhang et al., 2015; Liu et al., 2016; Xie et al., 2018; Cai et al., 2019; Xia et al., 2019; Tu et al., 2020; Haider et al., 2023; Cai et al., 2024; Ren et al., 2024), such as the left bank slope of the Jinping I Hydropower Station, the Yinshui Gully slope of the Xiaowan Hydropower Station, the dam site slope of the Miaowei Hydropower Station, the right dam shoulder slope of the Huangdeng Hydropower Station, the left bank slope of the Laxiwa Hydropower Station, the bank slope of the Shiziping Hydropower Station, the bank slope of the Xiluodu Hydropower Station, and so on. Many scholars have conducted in-depth research on its influencing factors, deformation and failure mechanisms, and occurrence conditions (Huang, 2007; Huang and Li, 2011; Huang et al., 2017; Xia et al., 2019; Xia et al., 2023; Zhang et al., 2023; Zhao et al., 2023; Zhou et al., 2024).
Huang (2007), Huang and Li 2011, Huang et al. (2017) summarized numerous toppling slope cases, and classified toppling deformation into three types: deep toppling (Figure 1A), shallow toppling (Figure 1B), and complex type toppling from the perspective of genetic mechanisms and evolutionary processes. Shallow toppling (ST) rock masses usually undergo minor toppling deformation, followed by the fracturing of rock layers. It often occurs in hard-layered rock masses or hard blocky rock masses, exhibiting primarily “brittle” fracturing of rock layers. After rock layers fracturing, toppling fracture surfaces are formed, with most of them remaining in the shallow parts of the slope. Shallow toppling generally develops to depths of tens of meters, typically within 100 m. Deep toppling (DT), on the other hand, typically occurs in inclined to near-vertical, medium to thin layers, low-strength metamorphic rock layers and soft rocks and is characterized by “flexible” deformation features. These toppling deformations occur over a long geological history, characterized by depths typically exceeding 100 m (Huang et al., 2017; Cai et al., 2019; Cai et al., 2022).
[image: Figure 1]FIGURE 1 | Schematic diagram of toppling model. (A) deep toppling model; (B) shallow toppling model.
The degree of toppling deformation in rock masses varies depending on their different geological origins, and when rock masses of the same type undergo varying degrees of toppling deformation, their engineering characteristics also exhibit significant differences. Therefore, it is of practical significance to define distinct deformation intensity zones for rock masses prone to toppling, particularly in the context of construction, development, and engineering treatment of toppling slopes.
Through precise zoning of toppling deformation, it is possible to better understand the toppling characteristics and deformation degree of rock masses, enabling the implementation of appropriate engineering measures to ensure slope stability and safety. Rock masses with different degrees of toppling deformation may require different engineering designs and engineering treatment methods, thus precise zoning of toppling rock masses can effectively reduce engineering risks and enhance the success rate of engineering projects. In summary, precise toppling zoning of rock masses is of significant importance for the construction and management of engineering slopes, ensuring the safety and sustainability of such projects.
Regarding the zoning of the intensity of rock mass toppling deformation, there is currently a lack of mature zoning evaluation system, and even fewer researches have been conducted on the quantitative assessment of such zoning. Huang (1983) divided the toppled rock mass into the main toppling deformation zone and the traction failure zone based on the size of the dip angle of the toppled rock layers and the degree of tensional deformation characteristics. Hong (1994) categorized the toppled rock mass into strong toppling and slight toppling based on the dip angle of the toppled rock layers, weathering and fragmentation degree, and the filling status of tension cracks. Li et al. (2004) classified the toppled rock mass into the toppling loose zone, bending fracture zone, and transitional zone based on the degree of weathering and the development characteristics of structural planes. Li et al. (2007) selected the dip angle of the toppled rock layers, maximum tension, unit tension, and longitudinal wave velocity as zoning indicators based on the development of deformation and fracture in the toppled rock mass and its engineering geological characteristics. They divided the toppled deformation rock mass into extremely strong toppling zone (A), strong toppling zone (B1), and weak toppling zone (C). Bai et al. (2009) used the dip angle of the toppled rock layers, maximum tension, unit tension, and longitudinal wave velocity as quantitative indicators to classify the intensity of toppling deformation in the dam shoulder rock mass of Miaowei Hydropower Station. Liu et al. (2017) conducted toppling deformation zoning based on changes in the pre-toppling and post-toppling dip angles, categorizing it as slight toppling, moderate toppling, and strong toppling. Huang et al. (2017) conducted a comprehensive analysis based on case studies. They used four quantitative indicators: rock layer toppled angle, maximum tension, unit tension, and longitudinal wave velocity, as well as three qualitative indicators: deformation and fracture characteristics, unloading characteristics, and weathering characteristics. They also considered rock mass structure types, rock mass categories, and stability coefficients to refine the classification of rock mass toppling into extremely strong toppling (zone A), strong toppling (zone B), weak toppling (zone C), and non toppling (zone D). Zhao et al. (2021) conducted a case study on the identification and toppling zoning of a deep-seated metamorphic rock slope based on this. Cai et al. (2014) and Zheng et al. (2018) calculated and analyzed the fracture surface and the toppling mechanical zoning of its upper rock mass based on the limit equilibrium theory of cantilever beam. The toppling deformation rock mass was divided into toppling zone, sliding zone, and toppling-sliding zone.
From the above, it can be concluded that the toppling zoning indicators extracted in these studies generally provide a visual reflection of the degree of toppling deformation in rock masses and are relatively easy to obtain in practical engineering. However, these indicators are all extracted for specific projects and lack standardization. Some zoning systems that rely on a single indicator can be influenced by external factors. Therefore, establishing a quantitative standard for toppling zoning that is applicable to various situations is of significant importance for engineering design and construction. In this study, based on the analysis and summary of existing data on rock mass toppling deformation, we propose toppling zoning indicators for rock mass toppling deformation. We also establish quantified criteria for each indicator and develop a quantitative assessment model for rock mass toppling zoning, providing a significant reference for the toppling zoning of engineering slopes.
2 TOPPLING CASES
Previous studies have shown that as key controlling factors influencing the development of toppling deformation, in addition to the spatial relationship between rock layer orientation and slope surface, the rock soft and hard conditions are also crucial factors influencing the development of toppling slopes. The deep toppling (DT) primarily occurs in geological formations dominated by soft rocks, including layers with certain thicknesses of hard rocks or interlayers (Figure 1A). The shallow toppling (ST) primarily occurs in hard rock formations, such as carbonate rock formations, platy or blocky igneous rock formations subjected to jointing and fracturing (such as thin to moderately thick limestone, sandstone, and densely jointed granite) (Figure 1B). The failure characteristics of deep toppling (DT) and shallow toppling (ST) are described through case studies.
2.1 Shallow toppling (ST)
The Guobu bank slope of Laxiwa Hydropower Station is used to illustrate the basic characteristics of shallow toppling (ST). The bank slope is comprised of ditches and ridges. The lithology of the slope rock mass mainly contains granites, with a “plate-like” structure, formed in the Indosinian Period.
According to the field investigation characteristics of toppling deformation and structure, the toppling rock masses can be divided into intensified strong toppling (Zone A), strong toppling (Zone B), and weak toppling (Zone C) (Figure 2). The toppling zoning characteristics of the rock mass in the toppled slope are described as follows (Cai et al., 2019).
[image: Figure 2]FIGURE 2 | The toppling zones of bank slope at laxiwa hydropower station.
2.1.1 Zone A-intensified strong toppling zone
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 plate-like granite rock mass begins to experience fracturing at a toppled angle exceeding 18°, with overall breaking and fracturing occurring at around 35°. These rock masses after toppling and fracturing experience partial collapse, and most of them remain in a “stacked” shape on the shallow surface of the slope. The shallow fractured rock mass near the slope surface undergoes gravity overturning along the toppling fracture surface (zone) inclined towards the outside of the slope. This situation often leads to shallow stability issues of the toppled slope.
2.1.2 Zone B-strong toppling zone
These rock slabs are partially fractured and broken, and the variation of toppled angle generally ranges from 10° to 15°. Toppling deformation results in tension cracks between granite rock slabs, resulting in wide tension cracks. The rock mass undergoes tensile and relaxation 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.
2.1.3 Zone C- weak toppling zone
The toppled angle of the granite rock slabs in this zone is very small, less than 5°. There are only tensional fractures occurring between rock slabs, and there are localized minor tensile fractures within rock slabs. The rock mass is generally in a weak unloading state, with a blocky structure, and it exhibits relatively good overall integrity. This 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.
These rock mass, at the bottom of Zone C, 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. This phenomenon is one of the typical characteristics of the hard rock mass (granite), showing its prominent elastic properties.
2.2 Deep toppling (DT)
The slope in front of the dam at Miaowei Hydropower Station is a typical soft and hard structure slope, primarily composed of metamorphic rocks (soft rock). The rock types mainly include slate, phyllite, schist, and metamorphic quartz sandstone, with alternating soft and hard rock conditions. Due to factors such as slope terrain and rock mass structure, the slope in front of the dam experiences strong deep toppling deformation (Figure 3).
[image: Figure 3]FIGURE 3 | Toppling zones of the slope at Miaowei Hydropower Station.
2.2.1 Zone A-extremely strong toppling zone
The normal dip angle of the rock layer is 80°–85°. When the rock layers topple and rotate significantly, the rock mass undergoes intense fracturing and broken, forming a tensile fracture zone steep dip outside the slope. There is significant internal rock tensile fracture, strong relaxation, with cracks filled with gravel, angular fragments, and rock debris. The rock mass above the fracture zone is almost separated from the underlying bedrock, and local rockmass falls. This occurs in the shallow surface of the slope rock mass undergoing extremely intense toppling.
2.2.2 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.
The rock layers experience significant toppling at Zone B upper, 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.
The vertical bedding tensile fracturing begins to develop within the layers or along existing structural planes at Zone B lower. 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.
2.2.3 Zone C-weak toppling zone
In this zone, the toppled angle of rock layers is relatively small, 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.
3 TOPPLING ZONING INDICATORS
Existing research has primarily used indicators that reflect the degree of rock mass toppling development or characteristics of the toppled rock mass when classifying it. The degree of toppling development indicators mainly include factors like dip angle of rock layer, maximum tension, unit tension, etc (Table 1). The deformation characteristic indicators of the toppled rock mass mainly include weathering features and rock mass structure characteristics. There is a certain correspondence between rock mass characteristic indicators and longitudinal wave velocity. Longitudinal wave velocity decreases as the integrity of the rock mass decreases. Different degrees of toppled rock masses have different wave velocities due to variations in their deformation and fracture levels. Additionally, the longitudinal wave velocity is relatively easy to measure in practical engineering. Therefore, it can be selected as a quantitative indicator for toppling zoning.
TABLE 1 | Zoning indicators and quantification standards for toppling deformation.
[image: Table 1]Taking into consideration the ease of obtaining field indicators, this study plans to select rock layer dip angle (the change in dip angle of the toppled rock layers before and after toppling), maximum tension (the maximum tensile width between toppled rock layers), unit tension (the tensile width between toppled rock layers per unit length), and longitudinal wave velocity as quantitative indicators for rock mass toppling zoning. Shallow toppling (ST) often occurs in hard layered or hard block like rock masses, mainly manifested as the “brittle” fracture of the rock layer, and the unit interlayer tension is not significant. Therefore, the other three indicators are selected for shallow toppling. Deep toppling (DT) often occurs in low strength soft rock layers, exhibiting significant “flexible” deformation characteristics, primarily involving bending and creep deformation with relatively less fracturing of rock layers, so four indicators are selected (Huang et al., 2017; Cai et al., 2022).
Based on the quantitative standards of existing research, the quantitative zoning indicators selected for rock mass toppling zoning are the rock layer toppled angle (α), the maximum tension within the rock layer (S), the unit tension within the rock layer (s), and the longitudinal wave velocity (Vp). Referring to existing studies on toppling deformation zoning of rock mass, the degree of toppling deformation is categorized into the following zones: extremely strong toppling zone (zone A), strong toppling zone (zone B), and weak toppling zone (zone C). The quantified zoning criteria for each zone are as listed in Table 2 for shallow toppling rock masses and Table 3 for deep toppling rock masses.
TABLE 2 | Quantitative criteria values of shallow toppling zoning.
[image: Table 2]TABLE 3 | Quantitative criteria values of deep toppling zoning.
[image: Table 3]4 TOPPLING ZONING EVALUATION MODEL
The current research mostly focuses on the extraction of indicators for rock mass toppling zoning and the quantification criteria for each indicator. However, mathematical models for evaluation have not been applied extensively.
Considering the randomness and variability of rock mass toppling, it is influenced by various factors such as rock properties, stress conditions, and other geological environmental conditions. Additionally, rock masses exhibit anisotropic behavior, non-linear deformation characteristics, and fuzzy boundaries between different toppling rockmass zones. This study uses the Analytic Hierarchy Process (AHP) to determine the weight of evaluation indicators and employ the Fuzzy Comprehensive Evaluation method to establish a toppling zoning evaluation model of rock mass. This method refers to a systematic approach used for addressing a complex multi-objective problem. It breaks down the overall objective of the problem into multiple sub-objectives, further dissecting them into several hierarchical levels of multiple indicators. By employing a qualitative indicator fuzzy quantification method, it calculates the individual rankings at each level and an overall ranking. This method serves as a systematic approach for optimizing decision-making related to objectives.
4.1 Evaluation indicators weight
This study uses the Analytic Hierarchy Process (AHP) to determine the weights of various factors. This method not only emphasizes mathematical approaches but also takes into account human factors, making it more accurate and reliable compared to other analytical methods. Taking the degree of rock mass toppling deformation as the overall objective layer (A), a single-level hierarchical model for quantifying toppling zoning indicators is established. The weight judgment matrix is constructed using a matrix scoring table, with the scales and meanings of the weight judgment matrix presented in Table 4.
TABLE 4 | Scale of judgment matrix and its meaning.
[image: Table 4]4.1.1 Determination of the indicators weight for shallow toppling
Shallow toppling failures are primarily characterized by “brittle” fracturing of rock layers after minor deformations, with more developed fractures. The toppled angle of rock layer determines the degree of toppling deformation. The maximum tension within the layer and the longitudinal wave velocity, relative to the toppled angle of rock layer, have less importance. The weight of the maximum tension within the layer is slightly greater than that of the longitudinal wave velocity.
By conducting a comprehensive analysis of the correlations between various field evaluation indicators and establishing a comparison of the weights between these evaluation indicators, a weight judgment matrix for the evaluation indicators of shallow toppling is constructed using a matrix scoring approach. The weighting comparison of the evaluation factors for shallow toppling is shown in Table 5.
TABLE 5 | Weight comparison of evaluation factors for shallow toppling.
[image: Table 5]From the mentioned weight comparison of the evaluation factors, we can obtain the single factor weight judgment matrix U1 through Equation 1.
[image: image]
By calculating the eigenvalues and eigenvectors of the judgment matrix U1, we obtain the maximum eigenvalue λmax = 3.0092, and the corresponding eigenvector is (0.8468, 0.4660, 0.2565), which can be used as the weight vector for evaluation indicators. After normalizing the weights of the various evaluation indicators mentioned above, we obtain the weight set M of the evaluation indicators for shallow toppling as follows: M = { 0.540, 0.297, 0.163}. To ensure the credibility and accuracy of the judgment matrix and eliminate interference from other factors, a consistency test is performed, and the test formula is as follows:
[image: image]
In the formula, UC represents the consistency ratio, UI = (λmax-n)/ (n-1), where n is the order of the judgment matrix, and λmax is the maximum eigenvalue determined for the judgment matrix. CI stands for the average random consistency index of the judgment matrix, and its values for lower-order judgment matrices are shown in Table 6.
TABLE 6 | Index value of AHP average random consistency.
[image: Table 6]When UC < 0.1, it is considered that the judgment matrix exhibits good consistency, indicating that the weight distribution is reasonable. Otherwise, it is necessary to adjust the values of each element in the judgment matrix until satisfactory consistency is achieved. Through calculations, it is determined that UI = 0.0046, CI = 0.58, UC = UI/CI ≈ 0.0079 < 0.1. This indicates that the construction of the judgment matrix for these evaluation indicators is reasonable.
4.1.2 Determination of the indicators weight for deep toppling
Deep toppling failures often occur in low-strength, soft rock layers and exhibit significant “flexible” deformation characteristics, primarily involving bending and creep deformation. Fracturing of rock layers is relatively less common in deep toppling. The deformation characteristics of deep toppling suggest that the rock layer toppled angle determines the degree of toppling deformation, and the flexible characteristics result in the weight of unit tension within layer being equal to that of the toppled angle. The weight of the maximum tension within layer and the longitudinal wave velocity used to test the bending and fracture failure characteristics of the rock mass take second place.
Similarly, to determine the weightings of evaluation indicators for deep toppling, a comprehensive analysis of the correlations between various evaluation indicators is conducted to establish a comparison of the weights between these evaluation indicators. A weight judgment matrix for the evaluation indicators of deep toppling is then constructed using a matrix scoring approach. The weighting comparison of the evaluation factors for deep toppling is shown in Table 7.
TABLE 7 | Weight comparison of evaluation factors for deep toppling.
[image: Table 7]From the mentioned weight comparison of the evaluation factors, we can obtain the single factor weight judgment matrix U2 through Equation 3.
[image: image]
Solving for the eigenvalues and eigenvectors of the judgment matrix U2, we can obtain the maximum eigenvalue λmax = 4.0104, and the corresponding eigenvector is (0.6753, 0.3377, 0.6300, 0.1819). After normalizing the weights of the various evaluation indicators mentioned above, we obtain the weight set M of the evaluation indicators for rock mass deep toppling as follows: M = {0.370, 0.185, 0.345, 0.100}.
Similarly, to ensure the credibility and accuracy of the judgment matrix and eliminate interference from other factors, a consistency test is performed using the test formula (2) along with the indexv alues of the average random consistency for lower-order judgment matrices as shown in Table 5. Through calculations, it is determined that UI = 0.0035, CI = 0.90, UC = UI/CI ≈ 0.0039 < 0.1. When UC < 0.1, it is considered that the judgment matrix exhibits good consistency, indicating that the weight distribution is reasonable, and it also signifies that the construction of the judgment matrix for these evaluation factors is reasonable.
4.2 Evaluation model
Considering the characteristics of rock mass toppling deformation, a toppling zoning evaluation model is established based on the fuzzy comprehensive evaluation theory. The steps are as follows:
(1) Evaluation target set Y = {extremely strong toppling zone A, strong toppling zone B, weak toppling zone C};
(2) For shallow toppling, the evaluation factor set X = {rock layer toppled angle α, maximum tension within the layer S, longitudinal wave velocity Vp}; for deep toppling, the evaluation factor set X = {rock layer toppled angle α, maximum tension within the layer S, unit maximum tension within the layer s, longitudinal wave velocity Vp};
(3) Weight sets of factors for shallow toppling: M = {0.540, 0.297, 0.163}; Weight sets of factors for deep toppling: M = {0.370, 0.185, 0.345, 0.100};
(4) Based on the fuzzy membership of each evaluation factor, establish the toppling zoning evaluation judgment matrix K;
(5) Using the weight sets M and the judgment matrix K, calculate the evaluation target set Y. Based on the results of the evaluation target set, employ the maximum membership method to assess the intensity of rock mass toppling deformation.
4.3 Cases application
4.3.1 Case of shallow toppling
Taking the example of the slope of the Xingguang Ⅲ formation in the Xiluodu Hydropower Station, this paper employs the shallow toppling zoning evaluation model described in this study to perform a quantitative zoning of the toppled rock mass.
Taking PD07 as an example to illustrate the quantitative zoning of rock mass toppling deformation, the distribution of factors including rock layer toppled angle, maximum tension within layer, and longitudinal wave velocity with depth at the tunnel 07 (PD07) location is shown in Figures 2–4 (Mu, 2017). Taking a depth of 83 m at tunnel 07 as an example, calculations are carried out based on the data obtained from Figures 2–4. The evaluation factor values are extracted, resulting in the evaluation factor set X = {25, 0.7, 2.16}. Subsequently, the fuzzy membership degrees of each factor are determined based on their respective membership functions, and the evaluation judgment matrix K1 for toppling zoning is obtained through Equation 4.
[image: image]
[image: Figure 4]FIGURE 4 | The toppled angle variation of rock layer with the depth of PD07.
Based on the previously determined weight sets M for the various factors in rock mass toppling zoning, it can be concluded that the evaluation target set result for this toppling location is Y = MK1 = {0.270, 0.433, 0.297}. According to the principle of maximum membership degree, this location belongs to the strong toppling zone B.
Similarly, by extracting the evaluation factor values and judgment matrices from Figures 4–6 for various points in the tunnel, the toppling zoning is determined. The toppling zoning results are detailed in Figures 4–6. It can be observed that within the tunnel PD07, the section from 53 to 87 m falls into the strong toppling zone, while the section from 87 to 100 m belongs to the weak toppling zone. The results obtained in this study are consistent with the toppling zoning made by the geological personnel on-site, where 53–85 m is classified as the strong toppling zone and 85–100 m as the weak toppling zone. This demonstrates the feasibility of using the evaluation model for quantitative toppling zoning.
[image: Figure 5]FIGURE 5 | The maximum tension value variation of rock layer with the depth of PD07.
[image: Figure 6]FIGURE 6 | The longitudinal wave velocity variation of rock layer with the depth of PD07.
4.3.2 Case of deep toppling
Taking the example of the toppled dam site slope at the Miaowei Hydropower Station on the Lancang River, this paper employs the deep toppling zoning evaluation model described in this study to perform a quantitative zoning of the toppled rock mass.
Taking PD06 as an example to illustrate the quantitative zoning of rock mass toppling deformation, the distribution of factors including rock layer toppled angle, maximum tension within layer, unit tension within the layer, and longitudinal wave velocity with depth at the tunnel 06 (PD06) location is shown in Figures 7–10 (Li et al., 2007). Taking a depth of 48 m at tunnel 06 as an example, calculations are carried out based on the data obtained from Figures 7–10. The evaluation factor values are extracted, resulting in the evaluation factor set X = {25, 13, 23, 18}. Subsequently, the fuzzy membership degrees of each factor are determined based on their respective membership functions, and the evaluation judgment matrix K2 for toppling zoning is obtained through Equation 5.
[image: image]
[image: Figure 7]FIGURE 7 | The toppled angle variation of rock layer with the depth of PD06.
[image: Figure 8]FIGURE 8 | The maximum tension value variation of rock layer with the depth of PD06.
[image: Figure 9]FIGURE 9 | The unit tension value variation of rock layer with the depth of PD06.
[image: Figure 10]FIGURE 10 | The longitudinal wave velocity variation of rock layer with the depth of PD06.
Based on the previously determined weight sets M for the various factors in rock mass toppling zoning, it can be concluded that the evaluation target set result for this toppling location is Y = MK2 = {0.050, 0.950, 0}. According to the principle of maximum membership degree, this location belongs to the strong toppling zone B.
Similarly, by extracting the evaluation factor values and judgment matrices from Figures 7–10 for various points in the tunnel PD06, the toppling zoning is determined. The toppling zoning results are detailed in Figures 7–10. It can be observed that within the tunnel PD06, the section from 0 to 38 m falls into the extremely strong toppling zone, the section from 38 to 81 m belongs to the strong toppling zone, and the section from 81 to 100 m is classified as the weak toppling zone.
The results obtained in this study are consistent with the toppling zoning made by the geological personnel on-site, where 0–35 m is classified as the extremely strong toppling zone and 35–80 m as the strong toppling zone. This demonstrates the feasibility of using the evaluation model for quantitative toppling zoning.
5 CONCLUSION
Based on case studies and analysis of rock soft and hard conditions, this study summarizes the toppling zoning characteristics of deep toppling (DT) and shallow toppling (ST). The toppling rock masses of ST divided into intensified strong toppling (Zone A), strong toppling (Zone B), weak toppling (Zone C), Zone A rock mass is in a state of intense unloading and relaxation. Zone B rock mass undergoes tensile and relaxation deformation. Zone C rock mass undergoes only tensional fractures occurring between rock slabs, and within rock slabs, there are localized minor tensile fractures. The toppling rock masses of DT also divided into intensified strong toppling (Zone A), strong toppling (Zone B), and weak toppling (Zone C). Zone A rock mass undergoes intense fracturing and broken, and there is significant internal rock tensile fracture, and strong relaxation. Zone B shows intense tensile fracturing within the layers, shear deformation occurs along gentle dip outer joints, and tensile fracturing generally occurs in the hard rock layers between two softer rock layers. Zone C rock masses experience shear sliding along interlayer, and only minimal tensile fractures occur within the harder rock layers.
The quantitative indicators selected for rock mass toppling zoning include rock layer toppled angle, maximum tension within layer, unit tension within layer, and longitudinal wave velocity. Considering the differences in characteristics between deep toppling and shallow toppling deformation, quantification criteria of toppling zoning were established respectively. Then, the Analytic Hierarchy Process (AHP) method was employed to determine the weights of each evaluation factor. A consistency test was conducted on the weight judgment matrix to validate the reasonability of the weight distribution. Finally, a fuzzy comprehensive evaluation method was used to construct toppling zoning evaluation models for both deep toppling and shallow toppling rock masses.
The deep toppling zoning evaluation model established was applied to classify the deep toppling rock mass in the dam site slope at the Miaowei hydropower station. The results obtained closely aligned with the field zoning. Similarly, the shallow toppling zoning evaluation model was used to classify the toppled rock mass of Xingguang Ⅲ formation in the bank slope at the Xiluodu hydropower station, and the results obtained were also relatively close to the on-site toppling zoning. This demonstrates the rationality of the toppling zoning evaluation model and the feasibility of the quantitative standards for toppling zoning. This achievement has significant reference value for the toppling zoning of toppled rock masses in engineering slopes.
This study has proposed a approach for constructing a quantitative zoning evaluation model for toppling rock masses based on mathematical methods. It can serve as a methodological reference to some extent for conducting quantitative analysis in similar cases that transition from qualitative judgments.
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