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In order to study the stability of the high and steep slope of an open-pit mine under deep bench blasting vibration, a mine in Inner Mongolia is taken as the engineering background, and the mechanical parameters of rock samples were determined based on uniaxial and triaxial instruments. The stability of the high and steep slope of the open-pit mine under static and dynamic loads was analyzed by using field vibration monitoring and numerical simulation methods. The results show that the vibration range of the vibration wave is -1.25–1.25 cm/s, and the vibration wave shows a gradual attenuation trend. The Sadovsky regression equation was used to analyze and fit the monitoring data and the corresponding regression equations in each direction were obtained. Under static action, the safety factor of the high and steep slope is 1.20, and the displacement of the sliding zone passing through the slope is small, so the slope stability is good. Under the action of dynamic blasting load, the overall displacement of the slope is small, and the change of displacement decreases with the decrease of the vibration wave.
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1 INTRODUCTION
Metal mineral resources are the basis for human survival and development. With the continuous progress of the industry, more and more metal minerals have been mined, among which metal open-pit mining accounts for a large proportion (Song et al., 2021a). Taking China as an example, the proportion of open-pit mining in metal mining is as high as 90% (Yang et al., 2011; Wang et al., 2013; Lv et al., 2019). With the continuous development and utilization of shallow surface resources, deep open-pit mining has become the trend of open-pit mining development in the world. In the process of deep mining, with the increase of mining depth, the safety and stability of the slope are getting worse and worse. However, for deep-pit mines, increasing slope angle and implementing fine blasting are important means to reduce mining costs and improve economic benefits. Blasting production has been used in mine production as a relatively mature production method and a relatively wide range of production processes. However, the vibration effect generated by the blasting operation has a certain impact on the stability of the slope. Therefore, it is of great theoretical and practical significance to carry out research on the stability of high and steep slopes in deep concave open-pit mines under the action of blasting vibration to prevent and control geological disasters caused by high slopes and improve the economic benefits of mines (Du et al., 2020; Song et al., 2021b).
In recent years, scholars at home and abroad have conducted numerous studies on slope stability under the action of blasting. Chong et al. (2018) established a numerical model of the slope with a smooth step using FLAC3D, analyzed the vibration response law of the slope under the action of blasting vibration, and formulated the safety threshold of blasting vibration. Ming et al. (2012) established a slope vibration model under the action of blasting seismic waves and obtained the slope dynamic response under the action of different blasting frequencies using modal analysis and harmonic response analysis. Hoang et al. (2021) studied three intelligent hybrid models based on different nature-inspired optimization algorithms and deep neural networks to predict GV and proposed a deep neural network model based on deep learning techniques. Ke et al. (2021) proposed an intelligent prediction model for GVI based on the hybridization of self-encoder neural network and support vector machine regression (SVR). A total of nine input variables were used to estimate GVI: borehole diameter, step height, borehole length, batching, spacing, hardness factor, powder factor, the maximum explosive charge per extension, and monitoring distance. Sun et al. (2021) proposed a Bayesian method for predicting blast damage on highly rocky slopes using vibration and acoustic data and established the relationship between blast damage and intrinsic frequency of rock mass for the first time. Xuan-Nam et al. (2021) proposed a cuckoo search optimization model based on an artificial neural network based on 118 blasting events collected from a quarry in Vietnam. Bazzi et al. (2020) investigated the effect of blasting vibration on slope stability using the finite element analysis method. Pit slopes containing faults were examined under the action of seismic loads caused by successive blasts of different intensities. Wu et al. (2020) took the high and steep slope of the Daye iron ore mine as an example and used shaking table tests, the limit equilibrium theory, and the least squares method to better evaluate the stability of slopes under repeated blasting vibrations in fracture zones. Based on the limit equilibrium theory and shaking table test data, the stability of slopes under different. Yin et al. (2018) analyzed the energy distribution of blast vibration signals by peak mass velocity (PPV), frequency characteristics, and time-frequency processing method using different rock blast vibration signals monitored at a blasting site.
In the past, domestic and foreign scholars used theoretical research, physical test, numerical simulation, mathematical model, and other research methods to study the slope stability under blasting vibration, but there are few studies on the stability of high and steep slopes in open-pit mines under blasting. With the development of blasting technology and the increase in mining depth, most mines enter the deep mining stage. The exposed area of the slope becomes larger, the slope stability is poor, and the blasting vibration plays a major role in the slope instability. Therefore, the analysis of the influence of deep bench blasting vibration on the stability of high and steep slopes in open-pit mines has become an urgent problem to be solved in deep mining blasting. Taking the high and steep slope of a mine in Inner Mongolia as the engineering background, this work studies the stability of the high and steep slope under blasting vibration by using the methods of physical test, field monitoring, and numerical simulation, to ensure the safe production efficiency of the mine and the life and property safety of the staff in the quarry and provide some reference for similar projects.
2 PROJECT OVERVIEW
This high steep-sided metal open-pit mine is located in the central region of Inner Mongolia and is a Cenozoic Tertiary outcrop located at the northern edge of the Inner Mongolia geotechnical axis. The strata in the area are strongly wrinkled and metamorphosed and fractures are developed. The type of engineering geological exploration in the mine area is type II, category II: medium engineering geological conditions, with hard and semi-hard metamorphic rocks as the main block rock deposits. The topography and geomorphology are simple, the terrain is conducive to natural drainage, and the lithology of the strata is relatively single. There are no large tectonic fracture zones in the mine area, the fractures are filled by fault breccias, and the contact fracture zones and weathering zones are not developed, so the geological structure is simple. The rock structure is mainly blocky, with high rock strength and an open mining area, and the stability of the slope becomes more complicated with the increase of mining depth. The mine’s east quarry is nearly elliptical in shape, with an east-west length of 1.43 km and a width of 1.06 km, covering an area of 3.213 km2. The east quarry has been mined for more than 50 years, with an overall slope of 43°–39°, a design end slope depth of 1,230 m, and a final average slope height of 372 m. The geographic location and geomorphology of the mine are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of the location of the mine.
3 DETERMINATION OF MECHANICAL PARAMETERS
The rock and ore specimens were collected from the field and processed into suitable specimens at a later stage, mainly for rock gravity density, uniaxial compression deformation, tensile strength, rock shear resistance at variable angles, and rock structural surface straight shear tests. The field collection area is reasonably distributed in all levels of steps as far as possible under safety conditions. The collected rock samples include slate, dolomite, and iron ore, in addition to some weak structural interview samples. Pictures of the field collection are shown in Figure 2. The rock samples collected from the mine site were processed to meet the test requirements by using a TY-450 sawing machine with high processing accuracy and other types of stone grinding machines according to the relevant regulations to meet the experimental requirements. Figure 3 1) shows the large sample of mineral rock to be processed and Figure 3 2) shows the sample under processing. The specimen specifications are as follows: uniaxial compressive and bi-directional strain test: 50mm×50mm×100mm; triaxial shear test: Φ50×100. No artificial fissures were allowed to appear during the specimen preparation. According to the accuracy of specimen production, the error of specimen edge length should be less than 0.03 cm, and the parallel error of the upper and lower opposing surfaces of the specimen must be less than 0.05 mm; the adjacent two sides of the specimen should be less than 0.25° perpendicular to each other; the same is true for the perpendicularity of the specimen end face and axis, and the processing accuracy of all specimens reached the specified standard.
[image: Figure 2]FIGURE 2 | Field acquisition.
[image: Figure 3]FIGURE 3 | Machining process of the test piece.
The density determination test focused on determining the apparent density of the ore and rock and the sample used was the sample for determining the uniaxial shear strength, which was carried out before the determination of uniaxial shear strength and its deformation parameters (Sugiyama et al., 2021; Zingano et al., 2021; Anderson et al., 2022). The results of the measurements are presented in Table 1, and according to the test results, the density of iron ore is 3.64 g/cm3, the density of dolomite is 2.93 g/cm3, the density of mica rock is 2.97 g/cm3, and the density of feldspar−slate is 2.87 g/cm3.
TABLE 1 | Statistical table of apparent density measurement results of mineral rocks.
[image: Table 1]The uniaxial compressive strength experiment uses the apparatus including a WANCE-106 type electronic universal testing machine and digital static strain gauge. The principle of determination is by the ratio of the maximum load to the loaded area when the specimen is compressed by longitudinal load only and damage occurs without restriction around; the value is numerically made the uniaxial compressive strength of the specimen. Longitudinal and transverse resistance strain gauges were applied to each specimen, as shown in Figure 4A. During the experiment, the loading speed was set to 0.5 MPa/s, and the maximum load from the beginning of the experiment to the time of damage to the specimen was recorded, as shown in Figure 4B. The experimental results are shown in Table 2. According to the uniaxial compressive strength test, the uniaxial compressive strength, elastic modulus, and Poisson’s ratio of iron ore were 185.57 MPa, 7.4×104 MPa, and 0.24, respectively; the uniaxial compressive strength, elastic modulus, and Poisson’s ratio of dolomite were 120.96 MPa, 7.34×104 MPa, and 0.22, respectively. The uniaxial compressive strength, elastic modulus, and Poisson’s ratio of mica rock were 50.64 MPa, 5.49×104 MPa, and 0.22, respectively; the uniaxial compressive strength, elastic modulus, and Poisson’s ratio of feldspar−slate were 128.61 MPa, 9.56×104 MPa, and 0.25, respectively.
[image: Figure 4]FIGURE 4 | Uniaxial compressive test procedure for mineral rock specimens.
TABLE 2 | Test results of compressive strength of mineral rock specimens.
[image: Table 2]In order to make the test conditions close to the three-way stress state that the rock is subjected to, the equipment used in this experiment is a triaxial press. The specimens were subjected to a lateral envelope pressure of σ2 = σ3, and the triaxial press was loaded at a rate of 0.5–1.0 MPa/s loading σ1 until complete shear failure of the specimens occurred. The shear damage of the rock specimen was consistent with the Moore strength criterion, and the angle between the damaged section and the maximum principal stress plane of the specimen was (45-φ/2)°. In this experiment, the SAJS-2000 rock triaxial straight shear testing machine was used for the test and its experimental procedure is shown in Figure 5, and the triaxial shear strength results are shown in Table 3. According to the rock triaxial shear test, the cohesion and internal friction angle of dolomite were 17.61 MPa and 47.24°, respectively; the cohesion and internal friction angle of the feldspar−slate were 16.98 MPa and 44.31°, respectively.
[image: Figure 5]FIGURE 5 | Triaxial shear test of mineral rock specimens.
TABLE 3 | Triaxial shear strength of rock specimens.
[image: Table 3]4 ON-SITE BLAST VIBRATION MONITORING
The blast vibration monitoring system is generally composed as shown in Figure 6, in which the most critical is the placement and selection of the pickups and vibrometers. The two together determine the accuracy of blasting seismic wave pickup and the reliability of the pickup date. The TC-4850 blasting monitoring system of Chengdu Zhongke measurement and control is used for this blasting slope monitoring (Afanasev and Makhmudov, 2021; Leng et al., 2021). The device is compact in size and easy to carry. With versatility, it can be matched with velocity and acceleration sensors to complete different testing requirements. The instrument has an adaptive range and can preview the value, frequency, and waveform information immediately after sampling, without the support of an external computer.
[image: Figure 6]FIGURE 6 | Blasting vibration monitoring system.
In the open-pit mine blasting monitoring, the monitoring results and the results processed by the attenuation formula and other analytical applications have a significant impact on the selection of measurement points. Based on the geological engineering of the slope of the open pit, the selection of measurement points is based on the following principles: in general, blast vibration monitoring points are to be arranged in the back of the measured blast area, to determine and evaluate the impact of blast vibration on the slope; according to the location of the blast area, selected different step heights and the same engineering geological state for the deployment of points, different step heights and geological conditions on the propagation of blast vibration waves also have a great impact. In the range near the blast area that is blasting seismic effects of the range of more measurement points, to determine the range of blasting vibration attenuation and propagation law; blasting measurement points are generally chosen to be laid out in a corresponding representative point and roughly linear with the blast center. The distance and location of the measurement points from the blast area are measured and calibrated with two southern industrial GPS data collectors GIStar710, and the blast vibration measurement points are shown in Figure 7. The blasting vibration monitoring of the high steep slope open-pit mine lasted for nearly 7 months, during which vibration monitoring was conducted for pre-cracking blasting and step blasting against the boundary, respectively. Before each blasting ban, the blasting area was surveyed, the location of the measurement points was set, the required parameters of the vibration measurement instrument were set, the mode was set to be triggered after the commissioning was completed, and the location of the measurement points was recorded. The management of the guard was obeyed, the monitoring instrument was retrieved after the blasting was completed, and the relevant data were exported in time for analysis and processing. Surface mine blasting vibration test by the sensor picks up a vibration; the recorder will be a large number of vibration data processing into a waveform time course curve with speed as the vertical axis and selected time as the horizontal axis. This curve is often called the random signal waveform of the vibration parameters. The waveform mainly reflects the blast vibration rate as the relevant information embodied, eliminating other irrelevant and redundant data, and it is used to reveal the decay law of blast vibration propagation; part of the data acquisition waveform diagram is shown in Figure 8.
[image: Figure 7]FIGURE 7 | Blasting vibration measurement point arrangement.
[image: Figure 8]FIGURE 8 | Blast vibration monitoring waveform.
Based on the regression analysis test data of slope vibration by boundary blasting, the Sadowski regression analysis was conducted on the measured vibration data using the one-dimensional linear regression method. An accurate analysis of the regression results was carried out, and the regression analysis results are shown in Table 4: K is the topographic coefficient, α is the blasting vibration decay coefficient, and r is the correlation coefficient. V is the particle vibration velocity, cm/s; Q is the maximum loading amount for one period, kg; R is the horizontal distance between the measuring point of step arrangement and the center of explosion area, m. The higher the absolute value of the correlation coefficient r is close to 1, the higher the correlation is, and it is generally considered that the value of r is highly correlated when it is greater than 0.8. The regression curve of measured vibration velocity of pre-cracking blasting is shown in Figure 9. Based on the regression analysis test data of slope vibration of step blasting, the Sadowski regression analysis of measured vibration data was carried out by using the one-dimensional linear regression method through the formula, and the accuracy analysis was carried out by using the regression results. Regression analysis results are shown in Table 4, and the regression curve of measured vibration speed of pre-cracking blasting is shown in Figure 9. Regression analysis results are shown in Table 5, and the regression curves of the measured vibration velocity of pre-cracking blasting are shown in Figure 10. The correlation coefficient R is a close degree of evaluating the linear relationship, which measures the similarity between the regression analysis value and the real value. The value of R is greater than 0.8 and the closer it is to 1, the higher the degree of linear correlation. Combined with Figures 9–10 and tables 4–5, the correlation coefficient of velocity fitting results in three directions is greater than 0.8, which indicates that the vibration propagation formula has good applicability to the attenuation law of slope vibration under geological conditions. With the increase of blasting center distance, the vibration velocity of slope particles decreases continuously, and the influence of blasting center distance on blasting vibration velocity is much greater than that of elevation, indicating that the vibration measurement results have a certain reference value.
TABLE 4 | Results of regression analysis of measured vibration speed.
[image: Table 4][image: Figure 9]FIGURE 9 | Regression curve of measured vibration speed of pre-cracking blasting.
TABLE 5 | Results of regression analysis of measured vibration speed.
[image: Table 5][image: Figure 10]FIGURE 10 | Regression curve of measured vibration velocity of step blasting.
5 NUMERICAL SIMULATIONS
5.1 Strength discounting method and numerical modeling
The slope strength discount method refers to the slope with discounted slope anti-slip force that is shear strength just less than or equal to the shear force, and its slope reaches the critical damage state. The safety factor is the ratio of the discounted shear strength to the original shear strength at the critical damage strength. The calculation guideline of the strength reduction method is to apply Eqs. 1,2 to the slope rock strength: the bond force c and the friction angle are adjusted accordingly so that the slope model shows critical damage, and the safety factor Fs, which is the discount factor of the slope, is obtained at this time.
[image: image]
[image: image]
In the formula, c is the bonding force, ϕ is the frictional force, [image: image] is the discount factor, and cF and [image: image] are the discounted calculated bond force and friction angle, respectively.
In the calculation of strength reduction, there are two ways to judge the slope instability caused by strength reduction. One is that the plastic zone of the slope model is penetrated, and the other is that the calculation solution of the model is not convergent. 1) The coalescence of the plastic zone: with the decrease of slope strength, its shear capacity is continuously destroyed. Then the shear strain is produced and the plastic failure occurs. The shear strain extends from one free surface to another free surface until it is fully communicated, that is, the plastic zone is penetrating. At this time, it can be determined that the slope has been unstable. 2) The non-convergence of the solution: when the slope failure occurs, the instability part changes from static to dynamic, and the landslide also appears as unlimited displacement. In the numerical simulation, the judgment based on this phenomenon is that the ratio of displacement to the strain of the plastic failure surface with sliding displacement is not constant. At this time, the calculation program cannot find a solution that satisfies the equilibrium convergence for the static and stress−strain criteria at the same time and the slope failure is determined at this time. In the case of the natural slope only considering the self-weight effect, the safety system of the slope is calculated to find out the possible slip surface when the slope is damaged. At the same time, it also provides a basis for analyzing the influence of vibration on the slope under the following blasting dynamic loading conditions.
Numerical analysis software FLAC3D will be used to model the middle part of the south gang of the slope of this open-pit mine. The measured slope height of the south gang part of the slope is 372 m, and the final slope angle is 45°–47°. Most of the sloping rock is composed of slate, with some dolomite outcrops. The rock quality is good and there is no significant influence on the structural weakness. After years of mining, nearly 21 steps have been formed in the middle of the north gang, including three sweeping platforms, from the bottom to the upper boundary of the mine, in order of 1348 m horizontal sweeping platform, 1488 m horizontal sweeping platform, and 1544 m sweeping platform. The width of the sweeping platform is 30m, the width of the safety platform is 10 m, and the side slope angle is 75°; in the stage from 1348 m level to 1544 m level, the safety platform height is changed to 14 m and the side slope angle is still 75°; in the stage from 1544 m level to 1544 m level at the top of the slope, the platform height is 14 m and the side slope angle is 70°. The modeling uses AutoCAD to draw the slope model and then uses Rhino modeling software for 3D extrusion and mesh division. Based on the abovementioned information, the numerical analysis model is established. The Mohr−Coulomb model is selected for this slope model. The boundary constraints of the model are set as follows: along the X-direction, the left and right boundaries are constrained, and displacement is allowed in the remaining two directions; along the Y-direction, the front and rear boundaries are constrained, and displacement is allowed in the remaining directions; along the Z-direction, displacement is restricted at the bottom of the model, and free displacement is allowed at the top of the slope. The final slope model is 800 m long, 200 m wide, and 372 m high, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Side slope model.
5.2 Analysis of results
5.2.1 Static stability analysis of high and steep slopes
The destabilization of the high and steep slopes of the open-pit with damage phenomena such as sliding is associated with the creep rupture result of the shear slip zone formed by the shear force on the rock body with time steps, which in turn leads to the damage of the potential breakage zone with reduced strength unable to support the vertical gravity of its upper rock body. The slope stress and displacement clouds of this open-pit mine under self-weight conditions are shown in Figure 12. According to Figures 12 1) (b), it can be seen that the stress of the high steep slope under the influence of its gravity only appears at the maximum value at the foot of the slope, where the maximum horizontal stress is 8.7188e+04 MPa and the maximum vertical stress is 3.8691e+04 M Pa. According to the theoretical analysis, the gravity load calculation formula, where it is constant for the homogeneous continuous rock mass, the gravity load is proportional to the rock mass. Therefore, the gravity load is proportional to the height h of the rock mass, which is most influenced by the gravity load of the overlying rock layer, and the largest part of the high and steep slope is also pressurized at the foot of the slope. In the analysis of the safety of the numerically simulated slope, the slope displacement can be used as a parametric index to judge the stability of the slope. The magnitude of displacement at each node of the slope can measure whether the slope has been damaged there. As shown in Figures 12C, D, the horizontal displacement cloud and vertical displacement cloud of the high and steep slope under self-weight, the largest negative displacement appears at the upper step of the bottom clearing platform, and the maximum displacement is -4.5471e-02 m. This is because the simulated amount of rock at this place is dolomite, whose mechanical strength is lower than the rest of the slate rock on the slope; the maximum horizontal positive displacement of the slope appears inside the slope with the value of 2.7607e-03 m, which is due to the gravitational settlement of the overlying rock slope. By observing the vertical displacement cloud, it can be concluded that the maximum negative displacement appears at the excavation of the slope, and the displacement located at the deep part of the slope is a small positive value, which is due to the settlement effect of the overlying rock on the slope under the self-weight of the slope. The result is consistent with the objective settlement law.
[image: Figure 12]FIGURE 12 | Stress and displacement clouds in x and z directions under self-weight conditions.
In the actual project, it is necessary to consider that the slope deformation of the open pit is mainly shear deformation and there is tensile damage, so the tensile strength should be discounted accordingly when discounting. In this study, the strength reduction factor is 1.2, and the stress and displacement clouds after the corresponding strength reduction are shown in Figure 13. The stress of the slope at the bottom is the maximum, the maximum horizontal stress is 8.7100e+04 MPa, and the maximum vertical stress is 3.8888e+04 MPa. The maximum stress appears on the step of the slope, which is in line with the theoretical logic. The maximum displacement of the slope occurs at the step appearing at the upper part of the bottom clearing platform, which is in line with the objective law that the dolomite strength conforms to the slate strength. In the horizontal displacement diagram, the side slope steps along the top of the steps to the weak structural surface have appeared as displacement partition interface, that is, there is an obvious abrupt change in displacement. In the vertical displacement map, there is also an obvious sliding fault surface, and there is an abrupt change of displacement. Therefore, it can be concluded that the sliding damage has occurred at this time. In addition to the stress displacement cloud, the velocity cloud can also be used as a way to determine whether the slope is unstable or not. The velocity cloud is similar to the displacement cloud as shown in Figure 14. A continuous velocity equivalence zone can be seen in the velocity cloud, and the position of the potential sliding surface is consistent with the position of the sliding surface in the displacement cloud, which is verified.
[image: Figure 13]FIGURE 13 | Stress and displacement clouds after strength discounting.
[image: Figure 14]FIGURE 14 | Velocity clouds in x and z directions after discounting slope strength.
The plastic zone of the potential sliding surface is the standard of instability. When the generalized plastic strain or equivalent plastic strain passes through the top of the slope, it is used as a sign of slope failure. According to the change and distribution of some physical quantities, such as the generalized shear strain in the numerical calculation domain. When the plastic region in the domain is completely connected, the judge of the slope failure degree also needs to see whether the slope body produces infinite plastic deformation and displacement. The calculation of finite element software is judged by observing the plastic strain diagram of the plastic zone.
Figure 15 is the plastic zone distribution map of the slope after reduction. According to the distribution nephogram of the plastic zone, whether the failure surface is penetrated or not can be directly observed, which is also an important measure of slope failure. Combined with Figure 15 and the plastic zone penetration criterion, it can be seen that from the top free surface of the slope to the free surface of the first cleaning platform, the tensile failure occurs at the top of the slope and a continuous surface appears in the plastic zone and gradually forms a sliding surface.
[image: Figure 15]FIGURE 15 | Distribution nephogram of the plastic zone after slope strength reduction.
5.2.2 Dynamic stability analysis of high and steep slopes
The overall propagation velocity should be attenuated when the breaking vibration load is loaded on the high and steep slope model, so it is necessary to construct damping for the slope model. For simulating the impact process in the propagation of blasting vibration in engineering reality, the commonly used triangular impulse load waveform is proposed to be used. When the triangular load is loaded, the peak value of the load needs to be determined to simulate the blast impact, and the loading action time of the dynamic load also needs to be considered. There are two nodes of this load, that is, the dynamic load value undergoes two loading parts, rising and falling. According to the literature, the formula for the peak stress Pmax of the blast dynamic load is shown as follows.
[image: image]
Pmax is the peak blast vibration load pressure, pa. [image: image] is the density of the field explosive or emulsion explosive,1300 kg/m3, and D is the detonation velocity of the explosive used, The value is 4000 m/s. γ is the isentropic index of the explosive and the value depends on [image: image]. According to the relevant literature, γ=3; Dc and Db are charge diameter and hole diameter respectively, mm; lc and lb are the lengths of the bore, m; n is the magnification of uncoupled charge. Values of 8–11 and n=11. The relevant literature shows (Sugiyama et al., 2021; Zingano et al., 2021; Anderson et al., 2022) an explosive shock wave produced by an explosive. The action time is only 10–6 s to 10–1 s, and the burst wave pressure action time is about 10–3 s ∼ 10−1s. The equivalent triangular load for blasting is shown in Figure 16.
[image: Figure 16]FIGURE 16 | Equivalent triangular load diagram of blasting.
The blasting equivalent triangular load built, shown in Figure 16, is loaded on the slope after discounting; 10 ms, 20 ms, 30 ms, 40 ms, and 50 ms time steps under the model horizontal direction of the velocity are shown in Figure 17. According to Figure 17, the horizontal velocity cloud under different time intervals can be seen, the velocity in the gun hole near the center shows a regular waveform transmission, indicating that the blast wave generated by the blast is also from the center to the surrounding dispersion, and as the horizontal velocity decreases, the blast wave also decreases. Also, as the horizontal velocity decreases, the blast waveform gradually decreases. In addition, the blast waveform is irregular or asymmetric diffusion trend at the periphery of the hole, the main reasons for this phenomenon are the following two aspects: first, the model is not a symmetrical structure on the left and right of the hole, which leads to different blast responses, that is, different velocity propagation patterns; second, the blast center is different from the boundary on both sides, and the left side of the simplified gun hole near the boundary is set as a static boundary, to prevent the boundary on both of the abovementioned cases, which will cause the difference of dynamic response of the slope.
[image: Figure 17]FIGURE 17 | Horizontal displacement cloud map.
After loading the blast equivalent triangular load, the response of the slope to the vibration load under different time intervals is calculated for the dynamic load of the high and steep slope model, that is, the horizontal displacement clouds, vertical displacement clouds, and displacement increment clouds of this model at 10 ms, 20 ms, 30 ms, 40 ms, and 50 ms time intervals are studied, as shown in Figure 18. As can be seen from Figure 18, the horizontal displacement and displacement increment cloud show that the maximum value of both appears at the 1290 m level, that is, at the foot of the slope, and the vertical displacement on the cloud shows that its maximum value is easy to appear at the position of the waist and the top of the slope and coincides with the place where the slope is easy to slide after the discount of static load strength. The maximum horizontal displacement is 2.5e-7m, the maximum vertical displacement is 4.23e-8m, and the maximum displacement increment is 2.64e-7m, and the displacement changes gradually decrease with the weakening of the vibration wave.
[image: Figure 18]FIGURE 18 | Horizontal displacement, vertical displacement, and displacement incremental cloud map 5.
6 CONCLUSION
In this study, the high and steep slope of an open-pit mine in Inner Mongolia is taken as the engineering research background. After the preliminary field survey, the physical and mechanical properties of the ore and rock indoor test and the long-term production blasting vibration monitoring, the monitoring data are analyzed by regression analysis. Then the results of processing and analysis are combined with FLAC3D to establish a numerical model, respectively, based on the static weight and blasting dynamic load under two kinds of slope stability studied, and the conclusions are as follows:
1) The vibration frequency of pre-splitting bench blasting in the quarry is mainly between 10 and 50 Hz, the vibration velocity of the mass point is 8–12 cm/s, and the allowable vibration velocity of pre-splitting bench blasting is 10 cm/s. The pre-splitting blasting of the quarry adopts a single-ring detonation limited charge and radial decoupling charge, and the bench blasting adopts hole-by-hole detonation. The energy of blasting seismic waves is small and the overall trend of blasting vibration velocity is still attenuation law. Pre-cracking blasting in the quarry takes a single-ring detonation charge limit and radial uncoupled charge, step blasting using hole-by-hole detonation, blasting seismic wave energy is small, so the blast vibration speed on the slope of the elevation amplification effect is not obvious, and the overall trend is still the decay law of the blast vibration speed.
2) The blast vibration decay law equations for the horizontal radial, horizontal tangential, and vertical directions of pre-cracking blasting in the east quarry are [image: image], [image: image], and [image: image]. The decay law formula of vibration velocity in the horizontal radial, horizontal tangential, and vertical directions of step blasting are [image: image], 、 [image: image], and [image: image]. Slope horizontal radial, horizontal tangential, and vertical blasting vibration velocity arrangements are not fixed, with the blasting single sound amount and blast source distance different.
3) A potential slip surface appears after the strength reduction of the slope, and the size of the surface and the arc of the slip band will continue to increase with time. After calculation, the safety factor of the high and steep slope is about 1.2, and the displacement of the sliding zone passing through the slope is small. Therefore, it is concluded that the slope has good stability in the current state. Under blasting triangular load, the maximum horizontal displacement of the slope is 2.5e-7m and the maximum vertical displacement is 4.23e-8m. With the attenuation of seismic waves, the displacement decreases gradually, and the overall displacement of the slope is small. Considering that the slope has high rock mechanical strength and good rock integrity, the blasting center position has a certain distance from the slope position.
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