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Evaluation of the stability of a shallow goaf in an open-pit iron mine is important for successful mining. Based on the idea of “rock disaster analysis and prediction combining field monitoring and numerical simulation,” a modification of Mathews stability graph is proposed, and a monitoring scheme combing stress, displacement, and surface subsidence is selected per the field geological condition. The displacement monitoring data and numerical model are combined, and the numerical model is corrected per the monitoring data; the time-dependent deformation and damage to the goaf is obtained; and its stability is comprehensively evaluated. Results show that the northern area is in a relatively stable stage, whilst the southern area has a certain risk of collapse. At last, the proposed framework was successfully used in the open-pit iron mine to evaluate the stability of the shallow goaf and can be used for reference to similar geological conditions.
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1 INTRODUCTION
The prediction method of underground space stability and its lifetime assessment is a hot issue in the mining industry, tunnel excavation, and railway construction in recent years. The failure rock mass has a critical potential to cause workers to be buried, equipment damage, and tunnel blockage (Cui et al., 2021; Xsa et al., 2021; Zhou et al., 2021), and the shock waves can cause direct casualties (He et al., 2010). Moreover, rock failure may also destroy the aquifuge and lead to water inrush or permeable accidents (Kuscer, 1991). The large-scale collapse in shallow ground results in direct damage to surface buildings and casualties (Zhang et al., 2015), even the landslides, collapses, and surface water recharge (Tang et al., 2019; Li et al., 2022). Factors affecting the stability of underground space mainly include the natural hydrogeological conditions, such as buried depth, dip angle, thickness, and lithology of overlying strata, and human factors, such as operation method, blasting disturbance, and excavation times (Li et al., 2021a; Li et al., 2021b). The commonly used stability analysis and prediction and prewarning methods can be roughly divided into three categories: theoretical analysis method, prediction method based on monitoring threshold, and numerical simulation method.
Theoretical or empirical formula analysis methods mainly include elastic mechanics theory, catastrophe theory mathematical model method, and Mathews stability graph method (Jia et al., 2020). Many researchers use the elastic mechanics method to simplify the roof of underground space to an ideal elastic body such as Pu’s theoretical model, thin plate model, and moderate thick plate model. Solving the internal stress of goaf roof by applying boundary conditions, furthermore, to analyze its stability (Nomikos et al., 2002; Chen et al., 2020; Sun et al., 2021). The main purpose of catastrophe theory is the phenomenon and law of a stable configuration transition to another configuration. Researchers introduce catastrophe theory into the study of instability and failure, which could solve the failure mechanism and mode of underground chamber roof, rock pillar, or ore pillar from stable to unstable (Han et al., 2019; Xia et al., 2019; Qiao et al., 2021; Wang X. et al., 2021). The failure process of underground space is a highly nonlinear risk. Therefore, more and more researchers start to investigate the internal relationship between data factors through mathematical calculation and establishing appropriate mathematical instability criterion model, which includes neural network model, genetic mathematical model, and fuzzy mathematical model (Majdi and Beiki 2010; Sidorenko et al., 2021; Zhang et al., 2021). Mathews proposed the Mathews stability graph method (Mathews et al., 1981), and it is a rock classification system based on practice, which is relatively simple and convenient for field implementation. However, Potvin improves the stability graph by modifying the stability number N and adding a transition region to simplify it to a stable zone, transition zone, and caving zone (Potvin 1988). Based on the requirements of support system condition, fault occurrence, stope dilution rate, and instability probability, researchers purpose a new Mathews stability graph, respectively (Nickson 1992; Clark and Pakalnis 1997; Suorineni 1998; Mawdesley et al., 2001; Mawdesley 2004; Suorineni 2010). According to different conditions of rock stress factor, scholars have carried out corresponding corrections by numerical calculation, theoretical analysis, mathematical model, and field measurement, which have achieved good results in engineering (Stewart and Trueman 2001; Bewick and Kaiser 2009; Mitri et al., 2011; Vallejos et al., 2018; Jia et al., 2020). For rock materials, the tensile strength is much lower than the compressive strength, so it is necessary to estimate the instability caused by tensile failure of rock mass, which is ignored in the current Mathews stability graph method, and the multidimensional stress state of the surrounding rock is not considered in the calculation process of the rock stress factor.
Prediction and prewarning method based on monitoring parameter threshold refers to the real-time prewarning of disasters when the reasonable range of monitoring data is determined artificially by empirical analysis, theoretical analysis, or engineering analogy. In general, the “point” monitoring or the “field” monitoring will be adopted. The “point” monitoring mainly includes internal stress monitoring, surface displacement monitoring, and internal displacement monitoring of rock mass (Yang et al., 2021; Yi et al., 2021; Zhu et al., 2021), whilst the “field” monitoring generally includes microseismic monitoring and electromagnetic radiation monitoring (Tang et al., 2010; Ge 2005; Wang J. X. et al., 2021). The selection of the prediction index plays an essential role in this method (He and Kusiak, 2017). Not only the magnitude of the index can indicate whether the surrounding rock deformation is in the accelerated stage but also different prediction indexes represent different characteristics of surrounding rock deformation. However, there are still three deficiencies in the prediction and prewarning processing based on field data: 1) The disaster-causing process and evolution mechanism of the engineering site are not clear. 2) Data quality has a strong dependence. 3) Onsite monitoring is mostly point monitoring, which is unable to achieve full coverage.
In addition to the prediction and prewarning methods mentioned above which are based on the field monitoring data, numerical simulation methods are often used to analyze and evaluate the possibility of rock mass disasters. According to different numerical solution methods, they can be divided into finite element, discrete element, boundary element, meshless method, DDA, manifold element, and other methods (Shi 1988; Ohnishi et al., 2014; Chen 1998). It is more convenient to analyze the disaster-causing process of rock mass with the assistance of numerical simulation. On this basis, the analysis and prediction of the evolution of the damage zone can also be realized, providing a critical theoretical and technical support for disaster prediction and prewarning (Müller 1991; Rouabhi et al., 2005). Moreover, the numerical simulation method is able to demonstrate the mechanical response state of the research area directly, which provides a theoretical basis for interpreting monitoring data and mining precursor characteristics. It provides an important reference for researchers to understand the mechanism and development law of disasters. Jiang et al. (2019) predicted the deformation and failure depth of surrounding rock of an underground chamber by combining a bionic particle swarm algorithm with numerical calculation. Based on the numerical calculation, Habibi analyzed the long-term stability of salt caverns with different shapes, sizes, and depths under cyclic loading of 3∼8 MPa (Habibi et al., 2021). Current numerical simulation methods are based on the previous exploration data and cannot carry out the real-time dynamic numerical simulation based on different field condition, which cannot achieve the real-time performance of prediction and prewarning.
As for the stability analysis and prediction prewarning of underground engineering, the empirical theoretical method, field monitoring method, and numerical simulation method mentioned above have their own unique advantages; meanwhile, the shortcomings of these methods cannot be ignored. If existing methods can be effectively combined, the efficiency of prediction and prewarning of hazards in underground engineering can be greatly improved. Therefore, taking the goaf area of an open-pit iron mine as the engineering background, considering the influence of spatial multidimensional stress on rock stress factor A, the Hoek–Brown criterion with tensile truncation is used to correct the rock stress factor A, and the Mathews stability graph will be optimized. Based on the idea of a “rock disaster analysis and prediction method combining field monitoring and numerical simulation,” the monitoring data and numerical simulation results are fused, and the creep damage calculation implemented in FLAC3D is carried out by dynamic feedback based on the field measured multipoint displacement data. Combined with the damage evolution law obtained by real-time numerical simulation, the deformation damage and failure trend of goaf are predicted. Then, the stability of goaf is comprehensively evaluated according to the combination of field monitoring, numerical simulation, and theoretical analysis.
2 PROJECT PROFILE
The open-pit iron mine is located in the east of Anshan, Northeast of China (E 123°30′00″, N 41°07′40″), which owns three mining areas of Hejia, Dumu, and Dalazi as shown in Figure 1. Because of the historical reasons, the open-pit iron mine has experienced mining activity in the early stage, especially the irregular mining and disorderly excavation of local small mines, which results in many underground goaf areas. With the expansion and extension of the mining activity, those areas in the Dumu mining area have brought significant threats to normal production. Meanwhile, it also accompanies critical difficulties in the exploitation and utilization of deep iron ore resources and the implementation of mining engineering plans. At the same time, the goaf area is a serious threat to the safety of large-scale equipment in mines, and it also causes serious security risks to the blasting quality and blasting safety of mines. For example, on 15 April 2016, the No. 13 drilling rig located at E-4049.458, N-242.721m, and H-209.8 m in the outer extension area of Dumu, forming a collapse pit of about 45 m along east–west, 44 m along north–south, 1,499 m2 in area, and 7m in surface subsidence. On 5 May 2016, in Dumu mining area E-3426.508 m, N-373.914, and H-158.4m formed about 3.2 m in east–west, about 2.9 m in north–south length, 8 m2 area, and 0.1 m subsidence area.
[image: Figure 1]FIGURE 1 | The field map of hydrostatic leveling system for the open-pit iron mine.
At present, there are six production levels in Dumu mining area, with the highest production level of +292 m, and the lowest production level being +120 m. Four iron layers are located in the mining area: Fe1, Fe2, Fe3, and Fe4. Meanwhile, Fe2 occupies the largest thickness of 34 m. The lowest ore body is Fe1, with Fe4 locating the highest position. There are rock interlayers between the ore layers, and the average thickness of the rock layer is 25 m. The Fe4 ore layer is 150 m away from the surface, which is covered with rock mass. The dip angle of the ore body is 8–25°, the average geological grade is 32.42%, the ore weight is 3.3 t/m3, and the rock weight is 2.6 t/m3. The goaf in the Xiaobeigou area of Dumu mining area is located in the +145 m platform, which is divided into two areas: the first area is the northern goaf, its length is about 65 m, width is about 48 m, height is about 6 m, and the thickness of the roof is between 20 and 26 m, while for the roof slag is between 2 and 3 m. The second is the southern goaf area, which is about 130 m in length, 40 m in width, and about 5 m in height. The thickness of roof is from 12 to 20 m, and the thickness of the roof slag is about 5 m.
3 STABILITY ANALYSIS OF GOAF BASED ON MATHEWS STABILITY GRAPH
3.1 Calculation Process of the Stability Graph
Potvin illustrates the stability graph method based on the calculation of the hydraulic radius HR in the critical surface and the modified stability number N′. These two factors were plotted on the graph which is divided into the stable zone, transition zone, and the caving zone, so as to express the stability of the underground excavation area (Potvin 1988). The hydraulic radius HR in the stability graph can be obtained using Eq. 1:
[image: image]
The stability number N′ (Potvin 1988) is calculated by Eq. 2:
[image: image]
where [image: image] can be obtained by using Eq. 3.
[image: image]
where RQD is the rock quality index, [image: image] is the joint number, [image: image] is the joint roughness number, and [image: image] is the joint change number.
Parameter B in Eq. 1 is the joint adjustment factor, and its value is measured by the difference between the dip angle of the mining face and the main joint set, which is shown in Figure 2A. Parameter C is the gravity adjustment factor, which is related to the failure mode of the goaf under gravity, which is shown in Figure 2B below.
[image: Figure 2]FIGURE 2 | (A) Joint orientation adjustment factor B and (B) cavity adjustment factor (C).
A is the rock stress factor, which is calculated by the ratio of the uniaxial compressive strength (UCS) in intact rock to the compressive stress σ1max is the maximum induced tangential stress acting at the center of the critical face. The value of A is linearly related to UCS/σ1max, and its range is 0.1–1. It is calculated by the following Eqs. 4 and 5:
[image: image]
[image: image]
It can be seen from Eq. 5 that the Potvin modified graph method believes that the stope will be in a stable state under low-stress state (when 10 < R). At this time, the obtained A is the maximum, which leads the calculated stability number N’ to the maximum value. By accounting for the adverse relaxation effect in the stope under low stress (10 < R), Mitri et al. (2011) revised the calculation method for A by introducing the maximum stress factor (MSF) at the center of the critical face:
[image: image]
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3.2 Rock Stress Factor A Correction Based on Hoek–Brown Criterion
In the widely used (Potvin (1988) and Mitri et al. (2011)) modified graph method, Eqs 4, 5 of stress factor [image: image] and [image: image] are composed of UCS and the maximum principal stress of stope surface σ1max calculated from numerical simulation. This calculation method has the following deficiencies:
1) The stress state at any point in the plane is determined by the maximum principal stress [image: image], the intermediate principal stress σ2 and the minimum principal stress [image: image] while the original stress factor [image: image] and [image: image] only consider the maximum principal stress [image: image] of the stope surface, which ignores the influence of minimum principal stress [image: image] and the intermediate principal stress [image: image] on the stress factor, Moreover, it do not fully consider the failure of the stope caused by tensile stress.
(2) The calculation formula of [image: image] proposed by Mitri et al. (2011) shows that when the induced stress value [image: image] obtained by numerical simulation is less than 0, [image: image]. At the time of [image: image], the surrounding rock of stope does not necessarily reach its compressive strength value, so if [image: image] is still used at this time, the final [image: image] is the minimum value, and the working condition that is originally distributed in the stable area in the stability graph according to the actual stope situation may fall into the unstable area.
According to the aforementioned two problems, this article uses the modified Hoek–Brown criterion with tensile cut-off (Dai et al., 2018) as the judgment basis for rock mass engineering instability. The Hoek–Brown criterion is demonstrated by Hoek and Carranza-Torres, 2002, who statistically analyze a larger number of rock-triaxial test data and rock field test results, comprehensively considering the influence of the rock-mass structure, rock strength, stress state, and other aspects to obtain the empirical formula of the rock mass failure, which can reflect the inherent nonlinear failure characteristics of rock mass. Therefore, this criterion is widely used in underground chambers, slopes, tunnels, and other engineering projects in the rock engineering sector. Hoek–Brown criterion with tensile cut-off is shown as follows (Dai et al., 2018):
[image: image]
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where σ1 is the maximum principal stress of rock mass failure, [image: image] is the minimum principal stress of rock mass failure, [image: image] is the uniaxial compressive strength of intact rock, mi is the constant factor of rock material, which can be obtained by fitting the triaxial test data of rock, or determined by rock type, D is the perturbation factor; it equals to 0 when it is below 100 m, GSI is the geological strength index, and I1 is the first stress invariant.
Based on the MSF calculation method proposed by Mitri et al. (2011) and the Hoek–Brown criterion with tensile cut-off (Dai et al., 2018), the MSFc calculation under shear failure mode is modified according to Eq. 13, and the MSFt calculation under tensile failure mode is added according to Eq. 14:
[image: image]
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In Eqs 13 and 14, MSFc is the maximum stress factor upon shear failure in the critical face of the stope, MSFt is the maximum stress factor upon tensile failure in the critical face of the stope, [image: image] represents the maximum principal stress at the central rock mass in the critical face; [image: image] is the intermediate principal stress at the central rock mass in the critical face, [image: image] is the minimum principal stress at the central rock mass in the critical face, [image: image] is the uniaxial compressive strength of the rock mass, [image: image] is the tensile strength of the rock mass, and [image: image] is the uniaxial compressive strength of intact rock. In this article, the tensile stress symbol is negative whilst the compressive stress symbol is positive.
When [image: image], the rock stress factor A′ can be calculated using Eq. 15.
[image: image]
When [image: image] and [image: image], the rock stress factor [image: image] can be calculated using Eq. 16.
[image: image]
where [image: image] and [image: image] in the first equation above demonstrate that the rock mass attains shear failure and tensile failure at the same time. However, it is considered as the tensile failure because the tensile strength of rock mass is far smaller than the compressive strength.
It is worth to explain that the tensile strength of the rock mass is much smaller than the compressive strength. For this reason, this article gives priority to judge the tensile failure when solving the stress factor. By distinguishing [image: image] or [image: image] and [image: image] in Eq. 8, it enters the calculation process of tensile failure. At this time, the central stress factor of stope critical face is calculated by the first expression of Eq. 16 or Eq. 15. [image: image] is determined according to the first stress invariant I1 of the central rock mass of stope critical face and the tensile strength σt of rock mass. 1) When [image: image], the tensile cut-off is the failure zone (3), and the stope is under extreme instability; therefore, [image: image] is equal to the minimal value 0.1. 2) When [image: image], and if [image: image], it indicates that the tensile stress on the stope is far less than the tensile strength. At this stage, [image: image] is equal to the maximum value 1. If [image: image], define [image: image]. It is particularly emphasized that when [image: image], [image: image] is assumed to be linear, which is similar to the definition A by Potvin (1988) when dealing with high pressure stress.
When [image: image] and [image: image] in the discriminant Eq. 8, the stope face has a significance to experience compressive shear failure, which is the failure zone (1). The maximum stress factor [image: image] in the critical face of the stope is calculated by Eq. 13, where [image: image] is calculated from the plane point stress state and the compressive strength of the rock mass defined by the Hoek–Brown criterion with tensile cut-off (Dai et al., 2018). The calculation method of [image: image] is based on the [image: image] calculation method demonstrated by Mitri (Mitri et al., 2011).
4 STABILITY MONITORING OF XIAOBEIGOU GOAF
4.1 Stress and Displacement Monitoring Results
In order to obtain the evolution characteristics of stress and displacement of the roof in the northern goaf of Xiaobeigou, combined with the geological data in the northern goaf of Xiaobeigou and the thickness distribution of the roof in this area, a group of four-point bolt dynamometers and two-point multipoint displacement meters are arranged in each area of A and B in the northern goaf for real-time monitoring of stress and displacement. The sensor measurement method is 24-h automatic uninterrupted monitoring. The layout plane position of the measuring points is shown in Figure 3. The green measuring point in the figure represents the layout position of the multipoint displacement meter, whilst the red measuring point represents the layout position of the bolt dynamometer.
[image: Figure 3]FIGURE 3 | Layout plan of monitoring points.
The depth of holes A and B for the bolt dynamometer is about 21 m. The first force sensor is about 7.7 and 7.4 m from the vertical distance to the goaf roof, respectively. Meanwhile, each force sensor is arranged every 3.5 m to complete the layout of the two sets of bolt dynamometers. The depth of holes A and B of the multipoint displacement meter is about 21 m, and the first measuring point is arranged at the bottom of the hole. The first measuring point of hole A is about 7.2 m away from the roof of the goaf, and the second measuring point is about 11.2 m away from the roof of it. The first measuring point of hole B is about 3.4 m away from the roof of the goaf, and the second measuring point is about 7.4 m away from the goaf roof.
4.1.1 Monitoring Results of Bolt Dynamometer
Since the establishment of the bolt dynamometer monitoring system in Xiaobeigou goaf on 6 June 2018, it has been running well except for the signal loss caused by the equipment failure of hole B from July 29 to 31 August 2018. All-weather monitoring of rock stress around the goal of Xiaobeigou is realized. The stress variation characteristics of the monitoring points of holes A and B with time are shown in Figures 4A,B. In this figure, the fluctuation amplitude of the A4 point is large, with a fluctuation amplitude of about 0.3 MPa. The distance between the A4 measuring point and the surface is about 2.7 m. Affected by the external environment such as the surface engineering equipment operation and the uneven stress distribution of shallow surface soil caused by rainfall, the measuring point has a wide range of fluctuations. On August 2 (53 days of monitoring period), the stress increase rates from measuring points A1 to A3 were 0.003 MPa/d, 0.004 MPa/d, and 0.002 MPa/d, respectively. Subsequently, it increased to 0.005 MPa/d, 0.006 MPa/d, and 0.003 MPa/d, respectively. The maximum stress value of the bolt dynamometer in hole A was 0.51 MPa. Due to the damage of environmental factors, the maximum stress of the B3 measuring point is 0.61 MPa during the monitoring period. The stress values of 8 measuring points from hole A and hole B are small, but they are all in the stress acceleration stage.
[image: Figure 4]FIGURE 4 | Variation characteristics of stress with time at each measuring point of (A) hole A and (B) hole B and displacement with time at each measuring point of (C) hole A and (D) hole (B).
4.1.2 Monitoring Results of Multipoint Displacement Meter
Since the establishment of the bolt dynamometer monitoring system in Xiaobeigou goaf on 6 June 2018, the system has been running well, and the all-weather monitoring of roof rock mass displacement around the goaf of Xiaobeigou has been realized. The displacement of the monitoring points holes A and B with time is shown in Figures 4C and D.
Till June 24 (14 days of monitoring period), the displacement from measurement points A1 to A2 subsidence to 0.27 and 0.23 mm, with the rate of 0.019 mm/d and 0.016 mm/d, respectively. It started to sink for the second time on the 29th day (after 15 days of the quiet period), with the subsidence rate of 0.022 mm/d and 0.019 mm/d, respectively. On August 5, it went into the second quiet period, showing a “deformation period–quiet period–deformation period–quiet period” characteristic.
Till July 4, the displacement from measuring points B1 to B2 sank to 0.61 and 0.55 mm respectively, with the subsidence rates of 0.025 mm/d and 0.023 mm/d. It experienced the second sink on the 35th day (after 11 days of the quiet period), with a subsidence rates of 0.035 mm/d and 0.029 mm/d, respectively. It reached the second quiet period on August 10, and similar to the deformation rules of hole A, it showed a “deformation period–quiet period–deformation period–quiet period” characteristic. However, the deformation value of hole B is about 1.9 times of hole A, and the roof subsidence rate is also greater than hole A. Hole B is located in the ore-rock interface, and there is a lithologic interface, so the roof stability is poor.
4.2 Results of Surface Subsidence
4.2.1 Establishment of Monitoring System
The hydrostatic leveling system (HLS) is composed of a data acquisition terminal, sensor, power supply, and data transmission line, hydraulic line, and cloud data server. The hydraulic line part is mainly composed of a liquid pipe and a liquid storage tank. The liquid storage tank and each sensor are connected in series through the liquid pipe to form a connector. The first sensor connected with the liquid storage tank is set to avoid surface settlement. The settlement value of other measuring points can be determined by the change in liquid pressure of the sensor. The SD-226 hydrostatic leveling monitoring system produced by Shanghai Shengdi Sensor Technology Co., Ltd. was selected for this surface subsidence monitoring. The measurement method of the sensor is 24-h automatic uninterrupted monitoring, and the surface vertical displacement data are collected every 5 minutes. According to the principle of mining hydrostatic leveling measurement, the first measuring point is taken as the reference point and 12 leveling measuring points are arranged along the main section of the mining subsidence basin by the “line” layout. As shown in Figure 5, red points are the measuring points of hydrostatic leveling.
[image: Figure 5]FIGURE 5 | Detailed arrangement scheme of the HLS.
The roof thickness of the shallow goaf area located in Xiaobeigou is small, which results in the small subsidence of the surface during the collapse process. In addition, the elevation difference in most areas of the +145 m platform is small (about 0.5 m). So, the sensor with a range of 1.5 m is selected in the area of measuring points from N1 to N10, whilst the sensor with a range of 2.5 m is selected in the measuring points from N11 to N12. The minimum temperature in this area can reach −28°C. In order to prevent the connected liquid from freezing in winter, 55% ethylene glycol aqueous solution with a freezing point of −40°C was selected as the connected liquid, and the PPR pipe was used for casing protection throughout the hydraulic line.
4.2.2 Monitoring Result
The hydrostatic level system is used as the ground subsidence monitoring system, which is significantly affected by the temperature. The sensor converts the liquid pressure difference into displacement value by using the principle of a U-shaped device. The temperature differs between day and night and the liquid density changes with the temperature, so the monitoring value is fluctuated as shown in Figures 6A–C. Existing research results (Jia et al., 2021) are used to eliminate the temperature inaccuracy and complete the data reconstruction. As shown in Figures 6A–C, the revised cumulative settlement values from N2∼N6 monitoring points fluctuate between −1 and 2 mm. The accumulated settlement from N7∼N9 monitoring points fluctuates between −2 and 0 mm after temperature correction. After temperature correction, the accumulated settlement of the N10 measuring point fluctuates between—4 and 3 mm. The corrected cumulative settlement values of N11 and N12 measuring points fluctuated between −3 and 3 mm before 28 April 2018, and the cumulative settlement values showed a downward trend after 28 April 2018, with the maximum cumulative settlement value of −5.4 mm. The monitoring results after temperature correction show that the relative surface settlement of Xiaobeigou goaf in the Open-pit Iron Mine is small, fluctuates between −5.4 and 3 mm, and the roof of the goaf is in a relatively stable state.
[image: Figure 6]FIGURE 6 | Modified relative settlement at the monitoring point of (A) N2 to N6; (B) N7 to N9; and (C) N10 to N12.
5 GOAF STABILITY ANALYSIS BASED ON NUMERICAL SIMULATION
5.1 Numerical Model Setup and Rockmass Parameters
According to the field anchor dynamometer and preliminary geological survey results, there is no significant tectonic stress in the field, and the buried depth of the goaf is shallow, so its stability is mainly affected by different lithology, lithology interface, and gravity. Therefore, the initial stress field calculated by the model is constructed according to the self-weight stress of rock mass, and the influence of two kinds of the ore-rock interface is considered, which is shown in Figure 7. The constitutive model used in the model is the mesoscopic elastic creep damage constitutive model, which is referenced by Zhu and Tang, (2004). The model was discretized into 140,057 tetrahedral elements. The representative volume element (RVE) is used in this study to improve computational efficiency. The RVE should be small enough (relative to the macroscopic rock mass) in order to characterize the rock heterogeneity with sufficient precision, but it must be large enough so that it contains enough mesostructural information to be regarded as a material point on a macroscopic scale. According to our previous experience with the numerical simulation at this engineering scale based on the Monte Carlo method, a minimum element size of 0.5 m is selected. The bottom surround boundary of the model is constrained by rollers. In order to avoid the boundary condition influence of the calculation model on the goaf deformation in the calculation process, the boundary sizes of the model are 800 and 600 m, respectively. The degree of surface fluctuation and slope is established by 3Dmine-Rhino, which is achieved by inputting the surface contour elevation data. The results are shown in Figure 7. It can be seen that the interface of different lithology passes through the goaf. The shape of the goaf is determined according to the CMS of the goaf scanning detector. The parameters used in the numerical simulation are shown in Table 1.
[image: Figure 7]FIGURE 7 | Numerical model. (A) Relative position between goaf and model boundary. (B) Relative position of the interface between goaf and lithology.
TABLE 1 | Parameters used in numerical simulation.
[image: Table 1]5.2 Comparative Analysis of Field Monitoring and Numerical Simulation
Due to historical reasons, the goaf is formed by irregular mining and disorderly excavation. It is impossible to understand when the excavation is carried out, which means the excavation time is unknown, it brings difficulties to the numerical simulation analysis of the creep damage process of surrounding rock after excavation, and it is difficult to establish the starting point of time-dependent deformation under the influence of excavation. In order to study the current stability of the goaf area, and predict the failure time of the goaf area in the future according to the current stability, the simulation method is established as follows:
(1) Firstly, the creep damage process of roof position A and position B (as shown in Figure 8) after goaf excavation is analyzed by numerical simulation, which obtained the creep deformation time curve of the surrounding rock mass. The mechanical parameters of surrounding rock mass are obtained according to the field investigation, and they are summarized in Table 1. Therefore, the main purpose of this step is to reproduce the creep deformation rate of surrounding rock mass at the present stage by numerical simulation combined with field monitoring, without paying attention to the starting point of creep deformation of surrounding rock mass.
(2) According to the monitoring data of the multipoint displacement meter installed on the site, the deformation rate of the creep deformation of the surrounding rock during the monitoring period (6 June 2018–14 September 2018) was sorted out and analyzed. Then, matching it with the creep deformation curve created by numerical simulation, the period in which they have the same deformation rate will be contrasted.
(3) Then, according to the creep deformation rate verified by the field monitoring, the continuous simulation of the future creep damage process of the surrounding rock is carried out to achieve the stability analysis and deformation prediction of the goaf.
[image: Figure 8]FIGURE 8 | Relative position relationship between monitoring points and numerical simulation prediction points in goaf.
The comparison results are shown in Figures 9A, B. It can be seen that the creep deformation rate of the surrounding rock obtained by the numerical simulation and field monitoring is highly consistent in the period of about 20–130 days, indicating that the numerical simulation can well simulate the deformation changing of the goaf roof with time in the field at this stage, and it is able to predict the development of the deformation of the goaf roof in the future and reasonably evaluate the stability of it.
[image: Figure 9]FIGURE 9 | Comparison between numerical results and monitored results for (A) point A and (B) point (A).
It can be seen from Figures 9A, B that the creep deformation rate at monitoring point B of goaf roof is larger than that at monitoring point A. The vertical creep deformation of point A is less than 1 mm within 100 days, whilst the point B is less than 2 mm within the same period. The vertical displacement of the two points generally sink to the goaf. The numerical simulation results are in good agreement with the field monitoring results. This shows that the numerical simulation method in this article can simulate and predict the timeliness deformation law of goaf roof at the same time.
5.3 Numerical Simulation of Roof Deformation and Damage Area in Goaf Based on Field Monitoring Results
Based on the simulation method determined in the above section, the development of roof deformation in the southern goaf is analyzed, and the deformation in the next five years will be simulated and predicted. The simulation results are shown in Figure 10. The period of region I in the figure can be considered as an unknown time-dependent deformation caused by historical reasons. The period of region II is the verification period based on the monitoring data. Area III period is predicted by numerical simulation based on area II period. It can be seen that, at monitoring point C, due to the influence of the lithologic interface, the deformation decreases in the vertical position with the extension of time, which means the point moves slowly to the surface. The deformation rate of monitoring point E is the largest. Compared with the monitoring period, the creep deformation increment could reach over 13 mm in 5 years, which is the position where the deformation of the goaf roof is large. This is consistent with the evolution trend of damage in the goaf area obtained in Figure 11. It can be seen that, under the influence of excavation disturbance, there are small-scale damaged areas on the roof of the southern goaf, but the damaged areas are not connected and scattered. With the development of creep deformation, the damaged areas of the roof of the southern goaf gradually evolve and develop, and local damaged areas appear on the roof and floor of the goaf. When the creep deformation time reaches 5 years, the scattered damaged area of the southern goaf roof forms a connected area, and the damage mode of caving arch is formed at the goaf roof. This shows that the creep deformation in the future is more serious than that in the southern goaf, and the damaged is easier to penetrate to the surface. However, the damaged area in the north of goaf expanded slowly and remained stable.
[image: Figure 10]FIGURE 10 | Time-dependent deformation of points C, D, and E obtained by numerical modeling.
[image: Figure 11]FIGURE 11 | Evolution of damaged area of goaf and surrounding rockmass during creep deformation process until 5 years.
6 COMPREHENSIVE EVALUATION OF GOAF STABILITY
In this section, the Mathews stability graph method based on the Hoek–Brown criterion deduced in Section 3.2 is used to evaluate the stability of the southern and the northern goaf in Xiaobeigou. The dip angle of the ore body in this area is 8–25°. The field detection results of the goaf show that the dip angle in the northern goaf is about 7°, and that of the southern goaf is about 5°. Therefore, this calculation is solved according to the near-horizontal orebody, and only the roof stability of the northern and southern goaf is evaluated.
6.1 Hydraulic Radius, HR
The northern goaf is about 65 m long, 48 m wide, and about 6 m high. The southern goaf is about 130 m in length, 40 m in width, and 5 m in height. According to 3DMine modeling software, the roof contour perimeter and area of the north and south goaf in Xiaobeigou can be obtained, and the hydraulic radius HR of the north and south goaf can be calculated, as shown in Table 2.
TABLE 2 | Hydraulic radius HR of the north and south goaf.
[image: Table 2]6.2 Stability Number, N
In this article, the structural plane investigation of +145m platform rock mass is carried out by ShapeMetrix3D digital measurement system, and 15 photogrammetry points are selected. The rock mass structural plane is synthesized by the obtained image according to the pixel matching of the same point and the visual distance judgment technology. The average value of the digital measurement results is taken to obtain the information on rock mass joints, cracks, and geometry. The basic rock mass quality index BQ value of the northern goaf is 512.72, whilst the southern goaf is 471.04. According to Eqs 17 and 18, the BQ value can be converted to Barton’ s rock mass quality Q value, and the corresponding Q’ value can be obtained (Liu et al., 2017).
[image: image]
[image: image]
According to the numerical calculation model, the excavation elasticity of the goaf area is calculated, and [image: image], [image: image], and [image: image] of the middle line in the north and south goaf area are determined by the numerical simulation results. Then, the rock stress factor A is calculated according to the correction formula from the above section, and the calculation results of the relevant parameters stability number [image: image] are shown in Table 3.
TABLE 3 | Calculation of stability number N in each goaf.
[image: Table 3]Figure 12 shows Mathews stability graph calculation results of the north–south goaf in Xiaobeigou. It can be seen from the figure that the roof of the northern goaf is located in the transition zone, which is a relatively stable state, while the roof of the southern goaf is in the caving zone and has a certain caving risk, which is consistent with the numerical calculation results in Section 5.3. In the calculation process of Mathews stability graph, the rock stress factor [image: image] needs to be obtained by numerical simulation, which has a high requirement for the accuracy of the numerical model. In this article, the potential risk area is determined by the previous numerical calculation, and then the stress and displacement monitoring points are reasonably arranged. Based on the actual site monitoring data, the numerical model is dynamically fed back to correct. The accurate calculation of the numerical model is fed back to the theoretical calculation again to reach the theoretical value. Field monitoring and numerical calculation are independent and mutually supportive, which are applied to achieve the joint evaluation of the stability of Xiaobeigou goaf and the prediction of the future trend.
[image: Figure 12]FIGURE 12 | Stability graph of Xiaobeigou goaf.
7 CONCLUSION
This article takes the goaf area of an open-pit iron mine as the project background, modifying the Mathews stability graph based on its stability evaluation and prediction. It is achieved by applying the combination of fielding monitoring and numerical simulation. The stability of Xiaobeigou shallow goaf in the open-pit iron mine is comprehensively evaluated. The main conclusions are summarized as follows:
1) Based on the Hoek–-Brown criterion with tensile cut-off and considering the spatial stress state, a method for calculating the rock stress factor is proposed. The tensile failure mode is the priority parameter when calculating the stress factor. The stability of shallow goaf in the open-pit iron mine can be evaluated by the proposed piecewise rock stress factor calculation method. The roof of the northern goaf is in the transition zone, and the roof of the southern goaf is in the caving zone.
2) Multipoint displacement meter, anchor force meter, and hydrostatic levelling system are selected as monitoring equipment. During the monitoring period, the maximum stress is 0.61 MPa, the stress value is small, but all of them are in the stress acceleration stage. The displacement of goaf roof presents the characteristics of “deformation period→quiet period→deformation period→quiet period,” but the overall displacement variation is small, which means the roof caving at the incubation period. The relative settlement of the goaf surface is small, fluctuating between −5.4 and 3 mm, in a relatively stable state.
3) The creep damage calculation by using FLAC3D was carried out based on the dynamic feedback of the data measured by the multipoint displacement meter. The 5-year creep calculation result shows that the maximum increment of creep deformation relative to the monitoring period can reach more than 13 mm. The scattered roof damage area in the southern goaf forms a connected domain, and the damage mode of the falling arch is formed at the goaf roof. The expansion speed of the damage area in the northern goaf is relatively slow.
Field monitoring prewarning and numerical simulation both have their unique advantages. The effective combination of the two methods can improve the efficiency of disaster prediction and prewarning to a large extent. Real-time numerical simulation can comprehensively and intuitively demonstrate the mechanical state of deformation and damage in the research area, which provides a more reasonable risk identification. Thses aspects should be further studied and applied to more practical projects.
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