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Excavation unloading significantly contributes to rock slope failure in an open-pit mine. At present, there is no relevant theoretical study on the failure mechanism of the rock slope under excavation unloading. Therefore, in this study, based on the theory of fracture mechanics, the expression of the stress intensity factor at the crack tip on the rock mass at the vertical distance, h, from the slope top under excavation unloading is derived, the calculation method of the crack initiation angle is given, the expression of the ultimate safe height of the slope under unloading is obtained, and the ratio of the fracture toughness of the slope rock mass to the composite stress intensity factor at the crack tip on the rock mass is defined as the slope stability factor, which is verified by an engineering example. The results show that the crack initiation angle decreased when crack inclination was increased, and the crack initiation angle increased when the side-pressure coefficient, slope angle, and friction coefficient were increased. The ultimate safety height of the slope decreased first and then increased with the increase in the crack angle, and it was approximately linear with the crack length and inversely proportional with the slope angle. The stability coefficient calculated by this method is the same as that calculated by the limit equilibrium method and is small, which indicates the accuracy and rationality of this method. Results in this study can provide a theoretical basis for understanding and controlling the slope collapse disaster induced by excavation unloading.
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1 INTRODUCTION
Open-pit mining plays an important role in the mining of solid mineral deposits. Iron ore from open-pit mining accounts for 80% of China’s, 96% of Canada’s, and 94% of the United States’ outputs of this ore. Coal from open-pit mining accounts for 15% of China’s, 60% of Russia’s, 61% of Australia’s, and 60% of the United States’ outputs of this ore. Mining in high slopes and ultra-high slopes have become the trend of open-pit mine slopes with the deepening of open-pit mining in the future, too (Duan et al., 2011; Zhu et al., 2021; Su et al., 2022). The high slope of the open-pit mine is different from the general mine slope landslide mechanism. The high slope of the open-pit mine has high stress and a strong unloading effect, which is very likely to lead to the occurrence of landslide accidents during the excavation and unloading process of the slope with which difficulty in mining and landslide probability increase. Frequent mining disturbance has become one of the most important disaster sources in open-pit mining, and thus it is of great theoretical significance and practical value to study the damage mechanism and stability state of excavation and unloading (instability) of slopes in open-pit mines.
There have been several studies which have evaluated the unloading of rock mass, and some of the initial studies were conducted to investigate the mechanical properties of the intact rock specimens through indoor mechanical tests. For example, Zhao et al. (2014) analyzed the acoustic emission (AE) characteristics and crack evolution of the It granite under different unloading rates. Bing et al. (Dai et al., 2018) investigated the stress–strain characteristics and fracture modes of granite specimens under different envelope pressures by conventional triaxial tests and numerical simulations. Huang et al. (2017) investigated the unloading rate effect and rock damage evolution for sandy mudstone specimens. Feng et al. (2020) investigated the strength, deformation, and damage mechanisms of Jinping marble under true triaxial loading and unloading conditions. Later studies investigated the mechanical properties and damage modes of fractured rock specimens by creating cracks with different geometric distributions on rock specimens of different shapes. Zhong et al. (2020) conducted constant shear and normal unloading tests on red sandstone specimens with parallel cracks. Zhou et al. (2022) investigated the cracking development process and damage characteristics of pre-drilled granite under the action of loading and unloading by discrete element software and indoor tests. Huang et al. (Huang and Huang, 2014) further investigated the effect of crack geometry on the mechanical properties of rock specimens by creating single and double cracks on rock specimens. Chen et al. (2019) simulated the mechanical properties of intact and pre-cut cracked rock specimens under unloading conditions by the discrete element method (DEM). Wang et al. (2020a) investigated the mechanical properties and damage laws of concrete specimens containing a pair of parallel cracks. Zhou et al. (Zhou, 2005; Zhou et al., 2018; Zhou et al., 2019; Zhou et al., 2020) explored the mechanical properties and fracture characteristics of fractured rock samples by making fractures in rock samples with different rock properties. Zhang et al. (2018) carried out a coupled experimental–numerical investigation on double-flawed rock-like specimens at different quasi-static strain rates. Similar studies include those by Li et al. (2019), Zhou et al. (Zhou et al., 2021a; Zhou et al., 2021b), and Bi et al. (Bi et al., 2020; Bi et al., 2022).
The aforementioned studies on unloading mainly focused on rock samples, and there have been several attempts to study unloading combined with real slopes, too. For instance, Zhao and Zhang (2020) simulated the progressive damage process of slopes on different bedrocks under excavation conditions by a series of centrifugal model tests. Chen et al. (2007) developed a finite element model (FEM) for non-linear elastoplastic materials and analyzed the stress and displacement fields under excavation and non-excavation conditions. Kong et al. (2011) used a FE method to simulate landslides and concluded that excavation had a significant induced effect on slope deformation and damage, leading to an increase in displacement, stress, and interlayer sliding distance and a decrease in interlayer friction stress. Li et al. (2021) used discrete elements (UDEC) to simulate the progressive damage process of the slope during unloading excavation, and the results were in good agreement with the field measurements. Qu and Dang (2022) developed a refined FEM for the internal structure of the slope to explain the damage mechanism of the slope under excavation, unloading, and heavy rainfall conditions. Fayou et al. (2012) analyzed the deformation and damage law of slopes under seismic loads with the help of indoor physical model tests and concluded that excavation aggravated the deformation and damage of slopes under seismic loads. Song et al. (2018) analyzed the deformation characteristics of rock slopes containing soft structural surfaces under tunnel excavation disturbance. Yang et al. (2019) modified the numerical manifold method (NMM) to investigate the stability of soil–stone mixture slopes under different sequential excavations. Similar studies include those by Zhang et al. (2020), Jiao et al. (2022), Sasahara et al. (2021), Gao et al. (2011), and Chen et al. (Ma et al., 2020; Zhao et al., 2020; Chen et al., 2022a; Chen et al., 2022b).
The propagation and coalescence of numerous discontinuous joints significantly contribute to landslide instability during excavation unloading, and for this reason, several studies have attempted to analyze the fracture mechanism of rock masses from the perspective of fracture mechanics. Chen et al. (2010) presented a method for calculating the stress intensity factor at the tip of unloaded cracks on one side of a rocking mass for a ‘‘three-stage’’ landslide model. Zhang et al. (2016) analyzed a fracture mechanics-based method for calculating the instability of critical rocks. Chang et al. (Wang et al., 2020b) studied the fracture behavior of slope rock under the unloading effect. Wang et al. (Chang et al., 2019) analyzed the instability mechanism of slopes containing trailing edge cracks and provided a slope stability calculation method. Although the aforementioned studies focused on relatively homogeneous materials such as rock or concrete, they all lacked the analysis (theoretical, for example) of specific macrostructural characteristics of slope rock, which made it difficult to analyze the mechanism of crack initiation and propagation and coalescence of slope rock under unloading conditions.
In summary, the various studies on rock unloading have focused on rock specimens at the beginning and analyzed real slopes employing numerical simulations and model tests, but there is a lack of theoretical discussion. Therefore, in this study, the expression of stress intensity factors at the tip of the cracks on the rock mass under excavation unloading is derived, the calculation method of the crack initiation angle is given, the expression of the ultimate safety height of the slope under unloading is derived, and the stability coefficient of the slope is redefined and verified by engineering examples, by using fracture mechanics theory, and results can, in principle, provide theoretical support for the stability evaluation of slope excavation.
2 MECHANICAL MODEL OF ROCK MASS CRACK PROPAGATION FOR THE EXCAVATION UNLOADING SLOPE
After excavation and unloading, the slope of the open-pit mine breaks the original mechanical equilibrium of the slope, and a new mechanical equilibrium system gets established after constant adjustment of stress and displacement. During the excavation of the slope rock mass, a horizontal outward tensile stress is produced due to the rebound deformation of the rock mass, and it gradually decreases from outward to inward (Huang et al., 2007; Wang et al., 2022). Slope mass can generally be divided into three areas according to the adjustment and variation of the stress and displacement in the mass failure, as shown in Figure 1: ① the strong unloading area (broken area, Ⅰ); ② the weak unloading area (plastic area, II); and ③ the original rock stress zone (III); the original rock stress zone (III) is not affected by slope excavation disturbance.
[image: Figure 1]FIGURE 1 | Stress-state model of the slope crack under the conditions of excavation and unloading.
During slope excavation of an open-pit mine, the strong unloading area (I) is a discontinuous surface in the rock mass where the rock mass is more broken than in the other areas and hence is called the strong unloading area (broken area). This broken area will not cause large landslides and is significant often for the local steps of the small-scale rock slide. The weak unloading area (II) is where the slope rock mass is not completely unloaded, and the dominant crack groups in the rock mass are under continuous propagation and coalescence under the unloading effect. Under this broken area of classification, the occurrence of large landslides is caused by the crack on the rock mass in this area. Therefore, this study mainly takes the weak unloading area as the main object to discuss the slope instability mechanism.
The rock mass of the slope in the weak unloading area (II) is not fully unloaded, and the stress state is shown in Figure 1. It is difficult to determine which plays the leading role in the horizontal stress and tensile stress generated by rock mass deformation during unloading, and it is impossible to directly calculate the stress intensity factor at the crack tip. Therefore, according to the stress superposition principle, the unloading stress state can be decomposed into a model in which the initial stress and the mining unloading stress act together, as shown in Figure 2. Here, σz is the maximum principal stress (vertical stress of the slope), σx is the minimum principal stress (horizontal stress of the slope), and Δσ is the mining unloading stress.
[image: Figure 2]FIGURE 2 | Unloading equivalent mechanical model: (A) unloading stress state, (B) biaxial loading stress state, and (C) uniaxial tensile stress state.
2.1 Analysis of crack propagation under initial stress
In this study, the slope model was simplified to a plane, two-dimensional model, and the initial stress of the sloping rock was generated by the tectonic stress and self-weight stress. It was assumed that the horizontal stress during unloading of slope excavation met the requirements, σx = K0γz[z∈(0, H)], during vertical excavation σx = 0, and the initial stress corresponding to different slope excavation angles can be expressed as follows (Huang and Huang, 2010) (Eq. 1):
[image: image]
where σz is the initial vertical stress of the rock unit, σx is the horizontal stress, γ is the rock mass capacity, K0 is the side-pressure coefficient, z is the distance of the unit from the upper surface of the slope, and β is the slope angle.
Figure 3 shows the schematic of the stress on the rock unit within the slope under the initial stress, where the axial stress is σz, the horizontal stress is σx, and the angle between the inclined crack and the largest main plane is α. The axial and horizontal stresses are decomposed into the tangential stress, τn, and the normal stress, σn, at the crack surface (specified as positive for tension and negative for compression), which can be expressed as follows (Eq. 2):
[image: image]
[image: Figure 3]FIGURE 3 | Schematic of the initiation and propagation of secondary cracks under the initial stress state: (A) secondary crack initiation and (B) secondary crack propagation.
The rock is generally controlled by the compressive stress in the initial ground stress field, the cracks within the sloping rock are closed by the normal compressive stress, and the cracks slide relatively under the action of the effective shear stress, τeff, at which point in the rock, only the type II stress intensity factor exists at the crack tip, which can be expressed as follows (Eq. 3):
[image: image]
where f is the sliding friction coefficient of the crack surface, τeff is the effective shear stress acting on the crack surface, a is the crack half-length, and [image: image] is the type II stress intensity factor of the crack tip under the action of the initial stress. Here, it should be noted that in Eq. 3, τeff ≥ 0 is guaranteed for the calculation to be meaningful.
2.2 Analysis of crack propagation under mining stress
Figure 4 shows the schematic of the stress on the rock unit within the slope under the mining stress, where the horizontal stress is △σ and the angle between the inclined crack and the largest main plane is 90-α. The axial stress is decomposed into the tangential stress, [image: image], and the normal stress, [image: image], which, at the crack face, can be expressed as follows (Eq. 4):
[image: image]
[image: Figure 4]FIGURE 4 | Schematic of the initiation and propagation of secondary cracks under the mining stress state: (A) secondary crack initiation and (B) secondary crack propagation.
When the crack is subjected to unidirectional tension, the crack undergoes shear sliding under the influence of shear stress along the crack surface, while the normal tensile extension is generated under normal tensile stress. According to the definition of the stress intensity factor, in the tensile–shear stress state, when the crack is subjected to the joint action of tangential shear stress, τn, and normal tensile stress, σn, I–II composite damage occurs, following which the stress intensity factor at the tip of the initial crack can be obtained as follows (Eq. 5):
[image: image]
where [image: image] and [image: image] are the stress intensity factors of crack tip I and II under the action of mining stress, respectively.
2.3 Crack initiation conditions and propagation direction of an excavation slope
According to the principle of stress superposition, the tip stress intensity factor of a crack under a complex load is equal to the sum of the stress intensity factors of a crack tip under a simple load, and by combining Eqs 1–5, the stress intensity factor at the tip of the initial crack at distance H from the upper surface of the slope under the action of excavation and unloading can be calculated as follows (Eq. 6):
[image: image]
According to the maximum circumferential tensile stress criterion, the I–II composite crack will expand in the direction of the maximum tensile stress, and the starting angle x satisfies the following expression (Wang et al., 2015) (Eq. 7):
[image: image]
The conditions for crack initiation and propagation can be obtained as follows (Eq. 8):
[image: image]
where [image: image] is the crack toughness of the rock mass.
With this, let the unloading factor [image: image], and the result by combining Eqs 1, 6, 7 can be obtained as follows (Eq. 9):
[image: image]
Let the left-hand side of Eq. 9 be equal to R, then the crack initiation angle [image: image] can be further derived as follows (Eq. 10):
[image: image]
The aforementioned equation is the expression of the crack cracking angle under the unloading condition, and it can be seen that the cracking angle is related to the friction coefficient, side-pressure coefficient, unloading coefficient, and slope angle.
According to the previous analysis on the distribution of stress in the rock mass of the slope, it is known that the unloading stress is equivalent to a reverse tensile stress applied under the action of the initial ground stress in the rock mass, and this tensile stress will gradually decrease to 0. Therefore, the expression that can be obtained after taking the great value [image: image] of △σ and substituting it into Eq. 9 is as follows (Eq. 11):
[image: image]
From Eq. 11, it can be seen that the factors affecting the initiation angle include the side-pressure coefficient, friction coefficient, slope angle, and crack angle, and the specific relationship is shown in Figure 5. When the slope excavation unloads, the horizontal stress is instantly released; at this time, the crack propagation is mainly affected by the vertical stress; under the action of vertical stress, the initiation angle decreases with the increase in the crack inclination and gradually tends to the crack direction.
[image: Figure 5]FIGURE 5 | Variation in the crack initiation angle with the crack dip angle: (A) influence side of the side-pressure coefficient and (B) influence of the side-friction coefficient.
As shown in Figure 6, the initiation angle increases with the increase in the slope angle, and when the slope angle is less than 50°, the change in the initiation crack angle depends greatly on the change in the dip angle of the crack, which is because when the slope angle is less than 50°, the horizontal stress is larger and the horizontal unloading has more influence on the crack propagation. When the slope angle is greater than 50°, the horizontal stress is smaller and the horizontal unloading has little effect on the crack propagation; at this time, the fracture is equivalent to the vertical stress only under the action of crack propagation, and the cracking angle tends to the direction of the maximum main stress, which corresponds to the uniaxial compression splitting damage form of rock samples.
[image: Figure 6]FIGURE 6 | Variation in the crack initiation angle with the slope angle: (A) influence of the side-pressure coefficient and (B) influence of the side-friction coefficient.
3 MODEL OF UNLOADING DYNAMIC SAFETY HEIGHT OF A SLOPE
Substituting the stress intensity factor of the crack tip under the unloading condition into Eq. 8, the ultimate safety height of the slope under the unloading action can be obtained as follows (Eq. 12):
[image: image]
It can be seen from Eq. 12 that if the initial crack length, crack angle, slope angle, side-pressure coefficient, rock mass unit weight, initiation angle, and rock mass crack toughness are known, the safety height of the slope when the rock mass crack initiates during unloading can be obtained. The factors affecting the ultimate safety height of the slope include the crack length, crack angle, initiation angle (initiation angle is mainly obtained by Eq. 10, where the side-pressure coefficient and friction coefficient are included), rock capacity, side-pressure coefficient, slope angle, and fracture toughness. The rock capacity and slope angle affect the same law, which is grouped with the fracture toughness and is a fixed factor independent of the crack size and shape. The ultimate safety height of the slope is linearly related to the slope angle, rock mass capacity, and fracture toughness. The greater the fracture toughness, the stronger the ability of the rock mass to resist external disturbance. The larger the slope angle and rock mass capacity, the greater the normal stress acting on the crack surface by the slip body, which is not conducive to cracking of the rock mass.
The distribution of the original crack length and crack dip angle within the rock mass of the slope has an important influence on the strength of the rock mass, which is directly related to the stability state of the slope. According to the geological survey results of the collapsed profile at the site, the distribution of the crack pattern is drawn as shown in Figure 7. The stratigraphic structure of this mine is simple, and the rock mass is more developed under the action of geological and tectonic movements and external environmental loads. The crack length is mainly concentrated between 0.11 and 0.21, and a small number of short-spaced cracks are randomly and irregularly scattered in the middle. The crack dip angle is mainly concentrated between 38° and 78°, and the remaining angle cracks are randomly and irregularly scattered between clusters. The rock weight density is 23 kN/m3, the rock fracture toughness is 1.8 MPa m1/2, and the overall angle of the slope is 46°.
(1) The evolution of the dynamic safety height of the slope with the crack dip angle
[image: Figure 7]FIGURE 7 | Distribution of cracks in the rock mass: (A) crack length and (B) crack inclination angle.
The variation in the ultimate safety height of the slope under different crack dip angles is shown in Figure 8. From the shape of the curve, it can be seen that under the conditions of different side-pressure coefficients and friction coefficients, the change law of the safety height of the slope with the crack dip angle is the same, showing the trend of decreasing first and then increasing. When the slit inclination angle is 52°, the safety limit height of the slope reaches the minimum, which is because the crack dip is close to the step excavation angle; meanwhile, the stress component perpendicular to the crack decreases, which is conducive to cracking and propagation of the crack under the role of unloading, and the role of unloading tensile stress is played to the maximum. When the crack dip angle is fixed, the limit height of the slope increases with the increase in the side-pressure coefficient and friction coefficient of the slope.
(2) The evolution of the dynamic safety height of the slope with the crack length
[image: Figure 8]FIGURE 8 | Variation in the slope safety height with the crack dip angle: (A) influence of the side-pressure coefficient and (B) influence of the side-friction coefficient.
The initial crack length within the sloping rock is an important indicator to characterize the degree and distribution of crack development. It can be seen from the curve shape in Figure 9 that the limit safety height of the slope is approximately linear with the crack length; that is, the increase of the crack length increases the risk of fracture of the cracked rock mass under unloading. Combining Figures 8, 9, it can be seen that the side-pressure coefficient has a more significant effect on the ultimate safety height of the slope than the friction coefficient. It can be seen from Figure 10 that the safety height of the slope is inversely proportional to the angle of the slope; that is, the safety height of the slope decreases with the increase in the slope angle, and the curvature of its decrease gradually decreases. When the slope angle is small, the horizontal stress is larger, the horizontal unloading has a large disturbing effect on the rock, and the slope is prone to instability damage, so the curve declines with a larger curvature.
[image: Figure 9]FIGURE 9 | Variation in the slope safety height with the crack length: (A) influence of the side-pressure coefficient and (B) influence of the side-friction coefficient.
[image: Figure 10]FIGURE 10 | Variation in the slope safety height with the slope dip angle: (A) influence of the side-pressure coefficient and (B) influence of the side-friction coefficient.
In summary, a high degree of stress concentration will occur inside the slope of the open-pit mine with the gradual increase in the slope excavation depth; the sensitivity of the slope to the excavation unloading disturbance increases with the increase in the slope excavation depth; the unloading effect increases with the decrease in the distance from the slope surface, and the load on the rock mass of the slope increases with the decrease in the distance from the foot of the slope. When the slope height satisfies Eq. 12, the cracks on the rock mass of the slope will initiate propagation under the disturbance of unloading, and even coalescence will occur to form the macroscopic rupture surface on the rock mass and then cause the slope instability landslide.
4 STABILITY ANALYSIS OF SLOPE UNLOADING
In Figure 3, under the initial stress, the initial cracks of the slope rock mass propagation are in compression and shear, and the secondary crack propagation is approximately parallel to the direction of the maximum principal stress, σz. The stress intensity factor, [image: image], at the secondary crack tip consists of [image: image] generated by the effective shear stress, τeff, on the crack face and [image: image] generated by the far-field horizontal stress, σx, which can be expressed as follows (Eq. 13):
[image: image]
where l is the secondary crack length.
In Figure 4, under the mining stress, the initial cracks of the slope rock mass propagation are in the tension–shear stress state, and the secondary crack propagation is approximately parallel to the direction of the tensile stress, △σ. The secondary crack tip stress intensity factor, [image: image], under the tensile–shear stresses can be expressed as follows (Eq. 14):
[image: image]
Furthermore, the secondary crack tip stress intensity factor of the slope rock mass under the unloading can be obtained as follows (Eq. 15):
[image: image]
Under the effect of excavation unloading, when the stress intensity factor at the tip of the secondary crack reaches the fracture toughness of the slope rock mass, [image: image], the secondary crack will start to crack and propagate; then, by equating Eq. 15 to [image: image], the secondary crack length l can be obtained, and during the next excavation, the equivalent crack (the sum of the initial crack and secondary fissure) will start to crack and propagate again, and this step is repeated; finally, the occurrence of a landslide is caused by the crack propagation and coalescence.
The composite stress intensity factor of the crack tip within the rock mass of the slope under the action of excavation and unloading can be calculated by Eqs 1, 6, 8 as follows (Eq. 16):
[image: image]
Based on the concept of fracture mechanics, the ratio of the fracture toughness of the rock mass of the slope to the composite stress intensity factor of the crack tip in the rock mass is defined as the slope stability factor, and the expression can be expressed as follows (Eq. 17):
[image: image]
When [image: image], the slope is in a stable state; when [image: image], the slope is in an unstable state; and when [image: image], the slope is in the ultimate equilibrium. From Eqs 16, 17, it can be seen that the slope stability coefficient is related to the unloading stress, side-pressure coefficient, friction coefficient, slope excavation height, slope angle, crack length, and crack angle. Note here that the crack length a is the sum of the cumulative propagation of the crack after each excavation is completed and the length of the initial crack.
5 THE ENGINEERING CASE
In this study, a regional slope of the Dagushan open-pit iron ore mine is used as the engineering background to verify the rationality of the aforementioned model (Figure 11A). The mining level of the existing mining area of the Dagushan iron ore mine has reached −300 m, the final pit bottom elevation level of the second-phase design realm is −450 m, the slope top elevation level of the slope is between ∼70 and 190 m, and the final design height of the slope is about 650 m; the iron ore mine plans to end open-pit mining in 2026. The rock mass of the slope of the northwest gang is mainly composed of mixed rocks (titanic granite), with mud-quartz schist veins in between and stripes of iron-bearing quartzite at the bottom of the slope. The mixed rocks are widely exposed in the northwest gang of the slope, the overall strength of the rock mass is high, and the rock mass in the mining area is subjected to multiple tectonic movements, making the cracks more developed and the physical and mechanical properties of the rock layer vary greatly.
[image: Figure 11]FIGURE 11 | (A) Stope of Dagushan mine, (B) results of crack measurements on the slope rock mass, and (C) flow chart of fracture parameter determination.
The local rock mass in this area is more cracked under the action of initial mining, and a group of dominant cracks with nearly uniform orientation and scale in the rock mass is obtained by the non-contact 3D photogrammetry technique, with a length of about .83 m and an inclination of 40.2° (Figure 11B). The determination method of dominant crack group parameters is shown in Figure 11C. The value of the unloading tensile stress is approximated by a real triaxial unloading test, specifically by loading the field crack specimen to the original rock stress state and then starting lateral unloading; the horizontal tensile stress, σ3, changes continuously with the continuous unloading, which can be obtained by the equation, [image: image], where σ0 is the horizontal stress value at the moment of starting unloading and σ3t is the horizontal stress value corresponding to the crack initiation moment recorded by high-speed photography during the test. The calculated parameters are 0.5 MPa for the horizontal tensile stress, 0.5 for the side-pressure coefficient, 0.35 for the side-friction coefficient, 350 m for the slope excavation height, 46° for the slope angle, 23 kN/m3 for the rock weight density, and KIC = 1.8 MPa m1/2 for the rock fracture toughness.
Substituting the aforementioned parameters into Eq. 11, one can obtain the crack initiation angle; by substituting the crack initiation angle and known parameters into Eq. 12, one can obtain the dynamic safety height of the slope; the secondary crack propagation length can be found by substituting the crack initiation angle into Eq. 15; and the safety coefficient of the slope after each step of excavation can be further found by substituting crack initiation angle into Eq. 17, as shown in Figure 12. It can be seen from Figure 12 that the safety factor and dynamic safety height decreased when unloading times were increased; the safety factor and dynamic safety height decreased rapidly when unloading times were increased, which indicates that they are more prone to sudden slope instability with more unloading disturbance times. The safety factor obtained by the method proposed in this study is smaller than that obtained by the limit equilibrium method, which shows the rationality and accuracy of the method proposed in this study.
[image: Figure 12]FIGURE 12 | Diagram of the calculation result.
To further determine the correctness and rationality of the proposed method, continuous displacement monitoring was used to verify the method. Continuous displacement monitoring can clarify whether the slope rock mass has been displaced abruptly, and the relevant monitoring settings are shown in Figure 13A, and the displacement monitoring results are shown in Figure 13B. The displacement monitoring results in Figure 13B show that after the 17th excavation, the vertical displacement changes abruptly and the slope has already slipped at this time, while the theoretical calculation results show that after the 16th excavation, the safety coefficient of the slope is less than 1. The calculation results are conservative, which shows that the method proposed in this study is reliable.
[image: Figure 13]FIGURE 13 | (A) Layout of the on-site measuring points and (B) displacement monitoring results.
6 CONCLUSION

(1) According to the principle of stress superposition, the expression of the tip stress intensity factor of the crack in the rock mass at the vertical distance H from the top of the slope under the action of excavation and unloading is derived, and the calculation method of the crack initiation angle is given. The results show a decreased crack initiation angle with an increased crack angle and an increased crack initiation angle with an increased side-pressure coefficient, friction coefficient, and slope angle.
(2) An expression for the ultimate safe height of the slope under the unloading action is derived. The ultimate safety height of the slope with the increase in crack inclination shows the change rule of decreasing first and then increasing, with the length of the crack being approximately linear and with the slope angle being an inversely proportional function.
(3) Based on fracture mechanics, the ratio of the fracture toughness of the rock mass of the slope to the composite stress intensity factor of the crack tip in the rock mass is defined as the stability coefficient of the slope. The stability coefficient calculated by the method proposed in this study is consistent with the calculation results of the limit equilibrium method and is small, which shows the accuracy and reasonableness of the method.
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