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Abstract


This study focuses on the monitoring and early warning of landslide hazards induced by blasting caving in the Shizhuyuan polymetallic mine. A 30-channel microseismic monitoring system was deployed to capture the spatiotemporal characteristics of rock mass fracturing during a large-scale directional stratified blasting operation (419 tons) conducted on 21 June 2012. A total of 85 microseismic events were recorded, revealing two distinct zones of intense rock failure: Zone I (below 630 m elevation, P1–P3, C6–C8) and Zone II (above 630 m elevation, P4–P5, C1–C6). The upper slope collapse occurred within 5 min post-blasting, as documented by real-time monitoring and video recordings. Principal component analysis (PCA) was applied to 54 microseismic events in Zone II to determine the kinematic characteristics of the slip surface, yielding a dip direction of 324.6° and a dip angle of 73.2°. Complementary moment tensor analysis further revealed that shear failure dominated the slope instability, with pronounced shear fracturing observed in the 645–700 m height range. This study innovatively integrates spatial microseismic event distribution with geomechanical mechanisms, elucidating the dynamic evolution of blasting-induced landslides. The proposed methodology provides a novel approach for monitoring and forecasting slope instability triggered by underground mining, offering significant implications for disaster prevention in similar mining contexts.
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1. Introduction


Landslide hazards triggered by underground mining operations often result in significant casualties and economic losses [1,2,3,4,5]. For instance, on 10 April 2013, a massive landslide occurred at the Bingham Canyon Copper Mine in Utah, USA. With a volume of 65–70 million m3, the rock mass plunged 600 m and traveled 2.4 km within 90 s, triggering 16 minor seismic events. Numerous items of mining equipment were buried, resulting in a 50% reduction in copper production [6]. On 25 December 2015, a large-scale goaf collapse took place in the Wanzhuang Mining Area of Linyi City, Shandong Province, China. This event induced nine mining tremors ranging from M0.9 to M3.5, forming a ground collapse zone measuring approximately 1220 m in length and 660 m in width [7]. Two consecutive landslides occurred at the Laojinshan Mine in Yuan Yang, Yunnan, on 31 May and 3 June 1996, with a total volume of 430,000 m3, resulting in 227 deaths or missing persons. Post-event analysis attributed the failures to adverse geology and rainfall, with large-scale underground mining identified as a critical destabilizing factor [8,9]. The Jiwei Mountain landslide in Wulong, Chongqing (5 June 2009), covered 2150 m in length and had a volume of 7 million m3, causing 74 deaths and 8 injuries. Mining activities created a 50,000 m2 void zone at the lower slope, significantly influencing mountain deformation and stress redistribution [10,11]. Another notable case is the Zhaogou landslide in Zhenxiong County, Zhaotong, Yunnan (11 January 2013), involving 400,000 m3 of material and 46 fatalities, with underground coal mining implicated as a contributing factor [12,13]. The global impact of mining-induced landslide hazards has garnered widespread attention. While Western developed nations have prioritized mine geoenvironmental protection in recent decades, reducing incidents of large-scale mining-triggered landslides, such disasters remain prevalent in developing regions like southern and central China. This is partly due to the late onset of modernized large-scale mining in China, where small-scale operations still dominate, often lacking advanced safety protocols and exacerbating slope instability risks. Therefore, systematic research on mining-induced landslides is critical for ensuring safe mineral extraction in China.



Academic studies on mining-induced landslides generally fall into three categories: field monitoring and case analysis [14], physical modeling [15], and numerical simulations [16]. Jones et al. [17] combined physical and numerical simulations to investigate shallow landslides in South Wales, revealing that mining-induced voids generated tensile stresses in roof strata, promoting the expansion of weak structural planes, thereby reducing slope safety factors by 66%. Benko et al. [18] utilized FLAC and UDEC to simulate the impacts of mining depth, methods, locations, and topographic–geological conditions on slope deformation, with specific focus on the failure mechanisms of the Frank Slide. Mu Chenglin et al. [19] take a field-excavated high slope in the Qianxi Area as the research object, establish a physical model test in the laboratory, and reveal the deformation and failure evolution process through different excavation scenarios. They analyze the deformation and failure models and their formation mechanisms, and determine the unstable failure zone. Yin Yueping et al. [20] conducted a study on the Wulong Jiwushan Landslide using numerical simulation methods. The results indicated that underground mining altered the stress environment of the slope, inducing differential settlement in the rock mass and ultimately leading to instability and failure. Liu Can et al. [21] simulated potential slip surfaces and displacements in a mine landslide, identifying three distinct stages: surface collapse crack initiation, crack propagation, and slope failure, with detailed mechanistic analyses for each phase.



This study addresses the Shizhuyuan polymetallic mine’s mining-induced landslide through microseismic monitoring. By analyzing microseismic event distributions, slip surface orientations, and rock mass failure mechanisms, this work proposes a novel methodology for investigating slope instabilities triggered by underground mining operations.




2. Engineering Background


2.1. Mining Operation Context


The Shizhuyuan polymetallic mine is a large skarn deposit, primarily containing tungsten, molybdenum, bismuth, and tin. Early operations focused on the III-1-1 rich ore zone, which spans 16–24 horizontal lines and VII–XI vertical lines, covering an area of 315 × 313 m2 at elevations between 490 and 558 m. The mining area was divided into four block caving sections from west to east, with each section further subdivided into nine ore blocks from north to south, totaling 36 ore blocks. Each stope measures 64 m in length, 20 m in width, and 68 m in height. Continuous pillars (P1–P5 and C1–C8) with 15 m spacing were retained between stopes and block caving sections (see Figure 1). Due to historical reasons, the underground stopes were not backfilled, leaving approximately 60% of the ore pillars and over 3 million m3 of void space in the mining segment. To ensure continuous mining operations and effectively manage the voids while recovering ore pillars and hanging wall-rich ore, the mine adopted the caving method for pillar and hanging wall recovery, starting in 2006. This process involved first creating a pressure-relief shaft in the northwest corner of the mining area to connect with the surface, followed by progressive caving of the pillars and hanging wall ore using the shaft as a free face [22,23], as shown in Figure 2.




2.2. Introduction to the Microseismic Monitoring System


To monitor the stress distribution characteristics during pillar recovery operations, a 30-channel microseismic monitoring system was established in the mining area in 2008. The microseismic monitoring system of the Canadian ESG Company was adopted, with 24-bit analog-to-digital conversion and sampling frequency ranging from 3 Hz to 10 kHz. This system consists of sensors, paladin signal acquisition and processing system, time synchronization system, optical fiber data communication system and ground data comprehensive processing and analysis system. The system comprises five data acquisition units, each equipped with six single-axis acceleration microseismic sensors (sensitivity: 30 V/g; maximum output signal of the sensor is ±5 V; frequency response range: 50–5000 Hz). The 30 sensors were distributed across three mining levels: 12 sensors at the 514 m level, 6 sensors at the 558 m level, and 6 sensors at the 630 m level, as shown in Figure 3. The system consists of two major components: the surface monitoring system and the underground monitoring system. The surface monitoring system includes a local monitoring station and a remote data analysis station, while the underground monitoring system primarily comprises the underground microseismic sensors and data acquisition units. A schematic of the system’s configuration and signal transmission method is shown in Figure 4. In 2010, the mine further expanded the microseismic monitoring system to 36 channels.





3. Microseismic Monitoring Results of Blasting-Induced Landslide


3.1. Blasting Operations


The Shizhuyuan polymetallic mine conducted multiple large-scale ore pillar recovery blasting operations starting in 2006. By 2012, over half of the ore pillars had been recovered, and the goaf was filled with caved ore and surrounding rock. Following the planned mining sequence, a 419-ton underground blasting operation was carried out on 21 June 2012. This major blasting event employed medium-depth open-stope blasting, targeting the K1-6, K2-6, K3-6, and K4-5 hanging wall ore bodies and pillar zones. Figure 5 shows the drilling layout of the blasting.



The “6.21” major blasting operation utilized large-scale directional stratified controlled blasting, with a designed total explosive consumption of 419,250 kg, including 417,085 kg of multi-hole granular ammonium nitrate fuel oil and 2165 kg of No. 2 rock emulsion explosive. A total of 12,318 non-electric delay detonators and 27,000 m of ordinary detonating cord were used to achieve a caving volume of 1.186 million metric tons of ore.




3.2. Microseismic Monitoring Results of the Major Blasting Event


The microseismic monitoring system recorded the precise blasting time as 21 June 2012, at 07:19:31.565. The waveforms of the major blasting event captured by the microseismic monitoring system are shown in Figure 6.



Within 5 min after the major blasting event, two clusters of densely located microseismic events (blue stripes) were recorded by the microseismic monitoring system (see Figure 7), totaling 85 microseismic events. The first cluster occurred within 3 min post-blasting, with spatial distribution primarily concentrated in Zone I. The second cluster, observed between 3 and 5 min post-blasting, was mainly localized in Zone II, indicating that the major blasting induced two distinct phases of rock mass fracturing activity.



Spatially, the post-blasting located events were distributed across two primary regions (Figure 8):




	
Zone I: Elevations below 630 m, covering the P1–P3 and C6–C8 zones.



	
Zone II: Elevations above 630 m, covering the P4–P5 and C1–C6 zones.








The location error statistics for the 85 microseismic events are presented in Figure 9. The average location error was 22.3 m, with a standard deviation of 19.3 m and a modal error of 7.5 m. These results confirm the high spatial accuracy of the microseismic event localization. Field observations revealed that 5 min after the blasting, a large-scale landslide occurred in the overlying mountain body above the blasting area. Cameras installed outside the warning zone recorded the entire landslide process triggered by the blasting. Sequential video frames from the event are shown in Figure 10, illustrating the temporal progression of the landslide.





4. Microseismic Monitoring Analysis of Landslide


4.1. Principal Component Analysis of the Orientation of the Slip Surface


Principal Component Analysis (PCA) is a statistical method based on dimensionality reduction. It transforms multiple variables into a smaller set of synthetic variables (principal components), where each principal component is a linear combination of the original variables. These principal components are mutually uncorrelated, allowing them to capture most of the information contained in the original variables without redundancy [24,25].



The spatial distribution of clustered microseismic events forms a three-dimensional variable sample, with each event characterized by x, y, and z coordinates. By applying PCA to the 3D coordinate data of these clustered microseismic events, the first and second principal component directions can be extracted. The plane formed by the first and second principal components can determine the orientation of the plane defined by the clustered microseismic events. PCA effectively reduces the dimensionality of the spatial coordinates (from 3D to 2D), enabling precise characterization of the strike and dip angles of the slip surface formed by the spatial clustering of microseismic events. Figure 11 illustrates an example of randomly distributed microseismic events in a plane, where Xp represents the first principal component direction and Yp represents the second principal component direction.



Let    x 1  ,  x 2  , … ,  x m    denote m microseismic location events, and let    I 1  ,  I 2  , … ,  I n    represent n features used to evaluate the events. Each object    x j    has n feature observations, so the microseismic event    x j    can be expressed as an n-dimensional vector:   x j  = (  x  j 1   ,  x  j 2   , … ,  x  j n   )  , since microseismic events are inherently three-dimensional, n = 3, the variables of microseismic events can be represented by the following feature matrix:


  X =        x  11        x  12      …     x  1 n          x  21        x  22      …     x  2 n        …   …   …   …       x  m 1        x  m 2      …     x  m n         =   (  x  i j   )   m × n    



(1)







Apply the Z-score method [26] to standardize the original data, let


   Z  i j   =   (  x  i j   −   x ¯  j  )  /   s j     



(2)







In the formula


     x ¯  j  =   1 m     ∑  i = 1  m    x  i j       ,    s j 2  =   1 m     ∑  i = 1  m     (  x  i j   −   x ¯  j  )  2      ,   j = 1 , 2 , … , n   











After the above transformation, the new data vector    z  i j   =   (  z  1 j   ,  z  2 j   , … ,  z  m j   )  T   ,   ( j = 1 , 2 , … , n )   has a mean of 0 and a variance of 1. The transformed feature matrix is as follows:


  Z =        z  11        z  12      …     z  1 n          z  21        z  22      …     z  2 n        …   …   …   …       z  m 1        z  m 2      …     z  m n         =   (  z  i j   )   m × n    



(3)







Construct the covariance matrix of the standardized data vectors R:


   R =   (  r  i k   )   m × n     ,  r  i k   =   1  m − 1      ∑  j = 1  m   (  z  j i   −  z  j k   )     , ( i , j = 1 , 2 , … , n )   



(4)







Here,    r  i k     is the correlation coefficient between the vector of m transformed values for the i-th feature and the vector of m transformed values for the k-th feature. That is,    r  i k     represents the correlation coefficient of the random variables formed by the i-th and k-th columns of matrix Z.



Solve for the eigenvalues    λ 1  ,  λ 2  , … ,  λ n    of matrix R. Since R is an n × n real symmetric matrix, all its eigenvalues are real numbers. Arrange them in descending order as follows:


   λ 1  ≥  λ 2  ≥ … ≥  λ n   



(5)







Since microseismic events are three-dimensional variables, to reduce their dimensionality to two dimensions, the first two principal components are primarily computed. Establish the principal component equations to determine the principal component values. Let the unit eigenvectors corresponding to the first two eigenvalues    λ i    be denoted as follows:


   D = (  d  i 1   ,  d  i 2   , …  d  i n   )   ,   i = 1 , 2   



(6)







The plane formed by the first and second eigenvectors corresponds to the slip surface defined by the spatial clustering of microseismic events. By determining the plane formed by the first and second eigenvectors in space, the strike and dip angle of the clustered microseismic event surface can be identified.



Following the large-scale blasting, the upper slip zone (Zone II) contains a total of 54 clustered microseismic events. These 54 events were selected as the dataset for analyzing the blasting-induced mountain body collapse, as shown in Figure 12 and Figure 13.



The 54 clustered microseismic events in Zone II are selected as the study objects for the slip surface analysis. Their spatial coordinate distribution is shown in Table 1.



The original data are standardized using the Z-score method. The results are presented in Table 2.



Based on the aforementioned PCA analysis method, a MATLAB 8.0 computational program was developed to calculate the covariance matrix   R =   (   r   i k   )   3 × 3     using Equation (4). The covariance matrix is as follows:


  R =       1.0000     0.8544     − 0.75906       0.8544     1.0000     − 0.60758       − 0.7590     − 0.6075     1.0000        











The eigenvalues and eigenvectors of the covariance matrix   R =   (   r   i k   )   3 × 3     are shown as follows.


  D =       0.1128    0   0     0    0.4018    0     0   0    2.4852        










  V =       0.7806     0.1375     − 0.6096       − 0.5545     0.6023     − 0.5742       0.2882     0.7863     0.5464        











The non-zero values on the diagonal of matrix D represent the eigenvalues, arranged in ascending order. Each column in matrix V corresponds to the eigenvector of the respective eigenvalue in matrix D. In this example, the first two principal components are d1 = 2.4852, d2 = 0.4018, with their corresponding eigenvectors as follows:


        v →  1  =       − 0.6096     − 0.5742     0.5465             v →  2  =       0.1375     0.6023     0.7863            











The vectors       v   1    →    and       v   2    →    are not collinear and span a plane. The normal vector of this plane is:


   n →  =   v →  1  ×   v →  2  =       − 0.7807     0.5545     − 0.2882        











By setting the z component of the normal vector    n →  =   x , y , z     to zero, the projection vector    t →  =       − 0.7807     0.5545    0        of   n →   onto the horizontal plane defined by the xy axes can be obtained. Let the direction vector of the    x →  = ( 1 , 0 , 0 )  , The cosine of the angle between the projection vector   t →   and the x axis is:


  cos α =     t →  ·  x →       t   →     x →       =    - 0.7807 × 1 + 0.5545 × 0 + 0 × 0       -   0.7807  2    +   0.5545  2  +  0 2    ×    1 2  +  0 2  +  0 2       =    − 0   . 8153   











The angle between vector   t →   and the x axis corresponds to the dip direction of the plane formed by     v →  1    and     v →  2   , the value is:


  α = arccos ( − 0.8153 ) +   180  ∘  =   324.6  ∘   











Thus, the dip direction of the plane is 324.6°. Similarly, the cosine of the angle between the normal vector   n →   and its projection vector   t →   onto the horizontal plane can be calculated:


  cos β =     t →  ·  n →       t   →     n →       =    - 0.7807 ×   − 0.7807   + 0.5545 × 0.5545  + 0  ×   − 0.2882         -   0.7807  2    +   0.5545  2  +  0 2    +     -   0.7807  2    +   0.5545  2  +     − 0.2882    2       =   0  . 9576   











Thus, the dip angle of the plane is   γ = 90 ° − β = 90 ° − 16.8 ° = 73.2 °  . Based on the aforementioned microseismic principal component analysis method, by analyzing the first and second principal components of the spatial locations of the 54 events, the attitude of the slip surface is determined as follows: the dip direction of the collapse slip surface is 324.6°, and the dip angle is 73.2°.




4.2. Principal Component Plane Ellipticity Analysis


Theoretically, the principal component method can identify the corresponding clustering plane for any aggregated event, whether the events are randomly dispersed or exhibit a distinct clustering tendency. Consequently, the principal component plane derived from microseismic event analysis does not entirely represent the true slip plane of the microseismic event cluster. When microseismic events are in a relatively random and dispersed state, the principal component plane merely reflects the mathematical clustering tendency of the event distribution. In contrast, when microseismic events form a clear clustering pattern, the principal component plane corresponds to the slip plane. The clustering degree of microseismic event clusters is generally quantified using the ellipticity ratio of the principal component ellipsoid. Figure 14 is relationship between the clustering degree of microseismic events (red dots) and the ellipticity ratio (blue dotted circle). The more dispersed the distribution of microseismic events is, the smaller the ellipsoid rate will be, conversely, the more concentrated the distribution of microseismic events is, the larger the ellipsoid rate will be.



	1

	
Moment of Inertia Method [27]







By applying principal component analysis (PCA), the principal plane is defined by the first and second principal components. All microseismic events are projected onto this principal plane. Consequently, the key step in the calculation involves determining the size and shape of the ellipse that encloses the spatial distribution of all microseismic events. This requires simultaneous consideration of the spatial distribution distances from the center of mass and the weighted contributions of each event. To address this, the concept of moment of inertia from physics is introduced to compute the ellipticity of dispersed microseismic events.



The moment of inertia quantifies the resistance of a rigid body to rotational motion about an axis, representing the tendency of an object to maintain uniform circular motion or remain stationary. It is denoted by the symbol II and is determined solely by the shape, mass distribution, and the position of the axis of rotation. A schematic illustration is provided in Figure 15.



The expression for the moment of inertia is:


  I =   ∑ i n    m i   r i 2     











	2

	
Determination of Ellipse Major and Minor Axes







Taking 54 microseismic events clustered on the slip plane after a large-scale blasting as in the case study, the ellipticity of this cluster is analyzed. In Figure 16, the plane is defined by the first and second principal component eigenvectors obtained through principal component analysis (PCA).



By applying the coordinate transformation formula (Equation (2)), spatial points are dimensionally reduced and projected onto the two-dimensional plane formed by the first and third principal component eigenvectors. This results in a new set of spatial coordinates along the directions of the first and third principal components, as illustrated in Figure 17. By solving for the spatial orientation of the principal component plane, all events are projected onto this plane, transforming the problem into calculation of the ellipticity ratio within a single planar domain.



To quantitatively evaluate the clustering degree of these events, a conventional method involves constructing an ellipse based on the spatial distribution of points, then calculating the ellipticity e using the major and minor axes of the ellipse. The expression is defined as:


   e =             a 2  −  c 2     a 2                 c < a                 c 2  −  a 2     a 2                 c > a               ( 0 < e < 1 )   











Based on the concept of moment of inertia, we can assume each point has a mass of m = 1, calculate the moments of inertia of these points about the x and y axes, and then assume a total mass of   M =   ∑  i = 1  n    m i  = n m   = n  . By applying the equivalent moment of inertia method, the equivalent radius of rotation   r 1 =        ∑  i = 1  n    m i   r i 2     M     =        ∑  i = 1  n    r i 2     n       is derived, as illustrated in Figure 18.



The equivalent rotational radius is used as the major and minor axes of the ellipse to calculate the ellipticity e. Based on the transformed scatter coordinates in Table 3, the length of the major axis is:


  a =       x 1 2  +  x 2 2  + … +  x n 2   n     =          − 10.8765    2  +     − 0.59293    2  + … +   54.13869  2    54      =      155103.8   54      = 2872.292  











Similarly, the minor axis can be calculated as:


  c =       y 1 2  +  y 2 2  + … +  y n 2   n     =        9.95176  2  +   3.109964  2  + … +     − 33.6491    2    54      =      5207.096   54      = 96.4277  










  so , e =       a 2  −  c 2     a 2       =      2926.5 − 98.5   2926.5      = 0.9663  











This indicates that the microseismic event cluster exhibits a high degree of clustering tendency, and in this case, the principal component plane corresponds to the slip plane.



We know that there are tiny fractures, namely microseismic events, before a macroscopic landslide occurs in a mountain. These microseismic events occur earlier than the landslide, sometimes just a few minutes, several hours, several days or even longer before the landslide. Therefore, we can monitor the microseismic events before the landslide and analyze the occurrence of the potential sliding surface formed by the microseismic events according to the above method. We can also analyze the aggregation degree of these microseismic events on this potential sliding surface. If the microseismic events can form a distinct sliding surface and the aggregation degree is very high, it means that the possibility of a landslide is very high, thereby providing early warnings for landslides.




4.3. Microseismic Moment Tensor Analysis for Types of Mountain Body Slide


By applying moment tensor theory [28,29] to the microseismic events monitored during this mountain body slide, the source mechanism is inverted. The moment tensors of the monitored microseismic events are computed and decomposed. Using the moment tensor rupture criteria proposed by B. Feigner and R. P. Young [30], the types of internal rock mass failure prior to the mountain body slide are determined.


  R =    t r ( M )     t r ( M )   +  ∑     m i ∗         × 100  











In this equation: R is the ratio of the volumetric component to the shear component,   t r ( M )   is the trace of the moment tensor, and    m i *    are the eigenvalues of the deviatoric tensor,    m i *  =  M i  −   t r ( M )  / 3   . Depending on the value of RR, the following criteria apply:


        R > 30                      (  The   seismic   source   is   dominated   by   tensile   rupture  )       − 30 ≤ R ≤ 30           (  The   seismic   source   is   dominated   by   shear   rupture  )       R < − 30                      (  The   seismic   source   is   dominated   by   compaction   rupture  )        



(7)







This section focuses on the processing of 39 microseismic location events with concentrated source distributions in the area of mountain body failure. Based on energy levels and proximity to the landslide position, these events are uniformly numbered from Event 1 to Event 39 (from top to bottom). Specific data processing is conducted by solving the moment tensor using the maximum P-wave amplitude of each monitored microseismic event to invert the source mechanism. The coordinate parameters of the 39 extracted microseismic location events are detailed in Table 4. According to the moment tensor theory and source mechanism inversion method, the final R values of the 39 microseismic events are presented in Table 4.



Based on the distribution of R values (see in Table 5) calculated from the moment tensor solutions of the 39 microseismic location events in Table 4, 20 events exhibit R values within the range of [−30, 30]. According to the corresponding criteria, these events correspond to shear rupture, accounting for 51%. Further analysis of the tabulated data reveals that a significant portion of the R values associated with tensile or compaction rupture are close to the critical threshold for classification (Events 1, 4, 8, 9, 11, 13, 17, 20, 21, and 36). Therefore, based on the R values, the type of mountain body slide failure induced by the large-scale blasting is most likely to be shear-dominated. By integrating the event numbering sequence in Table 4 with the spatial coordinates of the microseismic events, it is evident that in the upper portion (700–755 m) of the failed mass, no clear dominance of any single failure type is observed, with all three types (tensile, shear, and compaction) coexisting. In contrast, the lower portion (645–700 m) predominantly exhibits shear rupture as indicated by the R values. This pattern of complex failure types in the upper region and predominantly shear rupture in the lower region is consistent with the observed macroscopic failure behavior.



Field investigations indicate that blasting-induced failure resulted in the formation of a hanging wall structure in the upper region, with an area exceeding 20,000 m2. A well-developed fault was identified within the hanging wall rock mass, with a measured dip direction of 327° and a dip angle of 76°. The hanging wall rock mass underwent massive sliding along this fault, forming a relatively smooth sliding surface, which is characteristic of shear failure. The total volume of the landslide rock mass induced by blasting is approximately 4.47 million m3, as shown in Figure 19.





5. Conclusions


This study utilizes microseismic event data collected prior to the blasting-induced mountain body slide failure. The attitude of the sliding surface is analyzed using principal component analysis (PCA), and the source mechanism of precursor events is investigated through moment tensor theory. By solving and inverting the moment tensors of microseismic events, the rupture mechanisms and failure types are determined. The following key conclusions are drawn:




	(1)

	
The PCA-derived attitude of the sliding surface aligns closely with the field-measured attitude, with a dip angle difference of 2.8° and a dip direction difference of 2.4°. This demonstrates that the PCA method can effectively analyze the clustering of microseismic events and determine the spatial orientation of clustered events. It provides a reliable technical basis for identifying potential sliding surfaces and monitoring early warnings of mountain body slides.




	(2)

	
The moment tensor analysis of the blasting-induced mountain body slide failure reveals that the method accurately classifies rock mass rupture types. The results are consistent with the observed macroscopic shear sliding failure along the fault plane in the field. This confirms the validity and applicability of microseismic source mechanism analysis in engineering rock mass rupture studies.




	(3)

	
Microseismic monitoring technology can detect precursor rock mass rupture events before a mountain body slide. By analyzing the clustering degree of microseismic events, the attitude and rupture type of potential sliding surfaces can be determined. This enables effective monitoring and early warning of potential mountain body failures, offering a novel approach for studying mining-induced mountain body slides.
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Figure 1. Mining plan view: (a) before pillar recovery, (b) after pressure-relief shaft formation. 
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Figure 2. Mining Sectional View: (a) before pillar recovery, (b) after pressure-relief shaft formation. 
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Figure 3. Sensor distribution map: (a) 514 m, (b) 558 m, (c) 630 m. 
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Figure 4. Schematic of the monitoring system configuration. 






Figure 4. Schematic of the monitoring system configuration.



[image: Applsci 15 07567 g004]







[image: Applsci 15 07567 g005] 





Figure 5. Drilling layout of the blasting project: (a) plan of the blasting area, (b) plan view at the 558 m level, (c) 3H sectional view, (d) 3Z sectional view. 
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Figure 6. Microseismic monitoring waveforms of the major blasting event. 
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Figure 7. Real-time monitoring interface. 
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Figure 8. Microseismic event location map: (a) plan view, (b) sectional view. 
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Figure 9. Microseismic event location error statistics. 
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Figure 10. Photographs of the upper mountain body collapse process: (a) before landslide (time: 07:21:00), (b) onset of landslide (time: 07:23:13), (c) during landslide (time: 07:23:20), (d) after landslide (time: 07:24:23). 
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Figure 11. Principal component directions of microseismic events within the plane. 
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Figure 12. Side view of microseismic event clusters on the slip surface. 
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Figure 13. Plan view of microseismic event clusters on the slip surface. 
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Figure 14. Relationship between the clustering degree of microseismic events and the ellipticity ratio: (a) low ellipticity: random distribution of microseismic events, (b) high ellipticity: clustered activity along the fault plane. 
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Figure 15. Schematic diagram of moment of inertia calculation. 
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Figure 16. Schematic illustration of microseismic event clusters and fault plane relationship using MATLAB software. 
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Figure 17. The distribution of spatial points. 






Figure 17. The distribution of spatial points.



[image: Applsci 15 07567 g017]







[image: Applsci 15 07567 g018] 





Figure 18. Schematic diagram of equivalent solution method. 
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Figure 19. Aerial photo of landslide: (a) measurement of the inclination angle of the sliding surface; (b) measurement of the tendency of the sliding surface. 
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Table 1. Spatial coordinate data of microseismic events.
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Event Number

	
Coordinate

	
Event Number

	
Coordinate




	
North/m

	
East/m

	
Depth/m

	
North/m

	
East/m

	
Depth/m






	
1

	
8764.59

	
6748.95

	
714.05

	
28

	
8686.69

	
6703.73

	
670.01




	
2

	
8745.7

	
6739.25

	
687.29

	
29

	
8754.28

	
6746.31

	
697.84




	
3

	
8779.89

	
6756.93

	
673.28

	
30

	
8777.13

	
6759.04

	
680.62




	
4

	
8751.25

	
6744.39

	
687.73

	
31

	
8776.4

	
6758.22

	
679.07




	
5

	
8687.59

	
6724.84

	
700.72

	
32

	
8671.68

	
6709.38

	
724.51




	
6

	
8656.33

	
6692.3

	
732.61

	
33

	
8674.47

	
6722.98

	
730.27




	
7

	
8670.31

	
6734.5

	
677.23

	
34

	
8673.83

	
6706.25

	
707.16




	
8

	
8815.82

	
6749.99

	
645.9

	
35

	
8753.47

	
6745.71

	
685.57




	
9

	
8687.15

	
6719.31

	
716.13

	
36

	
8779.81

	
6755.42

	
661.12




	
10

	
8780.7

	
6761.18

	
679.02

	
37

	
8788.56

	
6755.49

	
644.74




	
11

	
8783.22

	
6767.78

	
681.08

	
38

	
8671.87

	
6736.41

	
723.01




	
12

	
8777.71

	
6758.86

	
679.04

	
39

	
8764.91

	
6741.32

	
687.65




	
13

	
8774.76

	
6757.05

	
674.27

	
40

	
8773.67

	
6757.63

	
678.16




	
14

	
8775.94

	
6758.46

	
681.37

	
41

	
8775.22

	
6757.62

	
679.92




	
15

	
8753.34

	
6739.53

	
688.58

	
42

	
8683

	
6713.84

	
690.76




	
16

	
8756.39

	
6742.82

	
693.05

	
43

	
8781.85

	
6759.35

	
670.17




	
17

	
8758.55

	
6737.92

	
702.4

	
44

	
8761.72

	
6730.96

	
674.24




	
18

	
8655.76

	
6697.37

	
737.49

	
45

	
8676.09

	
6697.72

	
701.01




	
19

	
8703.29

	
6711.8

	
723.92

	
46

	
8671.33

	
6713.16

	
738.89




	
20

	
8694.39

	
6730.14

	
683.57

	
47

	
8751.07

	
6741.72

	
689




	
21

	
8773.55

	
6754.8

	
670.15

	
48

	
8679.43

	
6697.61

	
680.98




	
22

	
8773.29

	
6752.72

	
664.42

	
49

	
8777.24

	
6761.22

	
680.04




	
23

	
8782.13

	
6758.29

	
673.2

	
50

	
8777.55

	
6761.39

	
677.46




	
24

	
8782.21

	
6760.57

	
674.78

	
51

	
8821.96

	
6750.71

	
646.05




	
25

	
8781.29

	
6760.03

	
674.07

	
52

	
8793.54

	
6763.04

	
655.12




	
26

	
8782.49

	
6772.29

	
669.39

	
53

	
8775.82

	
6758.36

	
674.96




	
27

	
8756.43

	
6752.93

	
645.58

	
54

	
8687.92

	
6762.4

	
723.04











 





Table 2. Standardized spatial coordinates of microseismic events.
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Event Number

	
Coordinate

	
Event Number

	
Coordinate




	
North/m

	
East/m

	
Depth/m

	
North/m

	
East/m

	
Depth/m






	
1

	
0.44020

	
0.33790

	
1.16045

	
28

	
−1.20832

	
−1.77069

	
−0.70801




	
2

	
0.04045

	
−0.11441

	
0.02512

	
29

	
0.22202

	
0.21480

	
0.47272




	
3

	
0.76398

	
0.71001

	
−0.56928

	
30

	
0.70557

	
0.80840

	
−0.25787




	
4

	
0.15790

	
0.12527

	
0.04379

	
31

	
0.69013

	
0.77016

	
−0.32363




	
5

	
−1.18928

	
−0.78634

	
0.59490

	
32

	
−1.52596

	
−1.50724

	
1.60423




	
6

	
−1.85080

	
−2.30367

	
1.94788

	
33

	
−1.46692

	
−0.87307

	
1.84860




	
7

	
−1.55495

	
−0.33590

	
−0.40169

	
34

	
−1.48046

	
−1.65319

	
0.86813




	
8

	
1.52433

	
0.38640

	
−1.73091

	
35

	
0.20488

	
0.18682

	
−0.04786




	
9

	
−1.19859

	
−1.04420

	
1.24870

	
36

	
0.76229

	
0.63960

	
−1.08518




	
10

	
0.78112

	
0.90818

	
−0.32575

	
37

	
0.94746

	
0.64286

	
−1.78013




	
11

	
0.83445

	
1.21594

	
−0.23835

	
38

	
−1.52194

	
−0.24684

	
1.54059




	
12

	
0.71785

	
0.80000

	
−0.32490

	
39

	
0.44697

	
−0.01788

	
0.04039




	
13

	
0.65542

	
0.71560

	
−0.52727

	
40

	
0.63235

	
0.74265

	
−0.36224




	
14

	
0.68039

	
0.78135

	
−0.22605

	
41

	
0.66515

	
0.74218

	
−0.28756




	
15

	
0.20213

	
−0.10135

	
0.07985

	
42

	
−1.28641

	
−1.29927

	
0.17234




	
16

	
0.26667

	
0.05206

	
0.26949

	
43

	
0.80546

	
0.82285

	
−0.70122




	
17

	
0.31238

	
−0.17642

	
0.66618

	
44

	
0.37947

	
−0.50097

	
−0.52855




	
18

	
−1.86286

	
−2.06726

	
2.15492

	
45

	
−1.43264

	
−2.05094

	
0.60721




	
19

	
−0.85703

	
−1.39439

	
1.57920

	
46

	
−1.53337

	
−1.33098

	
2.21432




	
20

	
−1.04537

	
−0.53920

	
−0.13271

	
47

	
0.15409

	
0.00077

	
0.09767




	
21

	
0.62981

	
0.61069

	
−0.70207

	
48

	
−1.36196

	
−2.05607

	
−0.24259




	
22

	
0.62431

	
0.51370

	
−0.94517

	
49

	
0.70790

	
0.91005

	
−0.28247




	
23

	
0.81138

	
0.77342

	
−0.57267

	
50

	
0.71446

	
0.91797

	
−0.39193




	
24

	
0.81308

	
0.87974

	
−0.50564

	
51

	
1.65427

	
0.41997

	
−1.72455




	
25

	
0.79361

	
0.85456

	
−0.53576

	
52

	
1.05284

	
0.99491

	
−1.33974




	
26

	
0.81900

	
1.42624

	
−0.73431

	
53

	
0.67785

	
0.77669

	
−0.49800




	
27

	
0.26752

	
0.52349

	
−1.74449

	
54

	
−1.18229

	
0.96507

	
1.54186











 





Table 4. Microseismic event data for moment tensor analysis.
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	Event Number
	North/m
	East/m
	Depth/m
	Event Number
	North/m
	East/m
	Depth/m





	1
	8660
	6691
	799
	21
	8759
	6738
	702



	2
	8656
	6692
	733
	22
	8754
	6746
	698



	3
	8666
	6658
	747
	23
	8756
	6743
	693



	4
	8656
	6697
	737
	24
	8765
	6741
	688



	5
	8671
	6713
	739
	25
	8751
	6742
	689



	6
	8674
	6723
	730
	26
	8753
	6740
	689



	7
	8672
	6709
	725
	27
	8753
	6746
	686



	8
	8688
	6762
	723
	28
	8746
	6739
	687



	9
	8687
	6719
	716
	29
	8776
	6758
	681



	10
	8703
	6712
	724
	30
	8783
	6768
	681



	11
	8728
	6605
	725
	31
	8781
	6761
	679



	12
	8674
	6706
	707
	32
	8780
	6757
	673



	13
	8676
	6698
	701
	33
	8775
	6757
	674



	14
	8688
	6725
	701
	34
	8774
	6755
	670



	15
	8683
	6717
	691
	35
	8782
	6772
	669



	16
	8694
	6730
	684
	36
	8780
	6755
	661



	17
	8679
	6698
	681
	37
	8794
	6763
	655



	18
	8670
	6734
	677
	38
	8822
	6751
	646



	19
	8687
	6704
	670
	39
	8816
	6750
	646



	20
	8765
	6749
	714
	
	
	
	










 





Table 5. R parameters and rupture type classification.
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	Event Number
	R
	Rupture Type
	Event Number
	R
	Rupture Type





	1
	34.67
	Tensile rupture
	21
	−31.17
	Compaction rupture



	2
	−28.14
	Shear rupture
	22
	15.90
	Shear rupture



	3
	−38.20
	Compaction rupture
	23
	28.28
	Shear rupture



	4
	−31.59
	Compaction rupture
	24
	24.05
	Shear rupture



	5
	37.41
	Tensile rupture
	25
	22.97
	Shear rupture



	6
	−42.78
	Compaction rupture
	26
	15.68
	Shear rupture



	7
	1.50
	Shear rupture
	27
	−24.67
	Shear rupture



	8
	33.30
	Tensile rupture
	28
	−37.02
	Compaction rupture



	9
	34.51
	Tensile rupture
	29
	10.28
	Shear rupture



	10
	20.88
	Shear rupture
	30
	19.43
	Shear rupture



	11
	−32.21
	Compaction rupture
	31
	9.59
	Shear rupture



	12
	−46.01
	Compaction rupture
	32
	1.73
	Shear rupture



	13
	−34.29
	Compaction rupture
	33
	−8.17
	Shear rupture



	14
	36.23
	Tensile rupture
	34
	−23.12
	Shear rupture



	15
	42.72
	Tensile rupture
	35
	29.65
	Shear rupture



	16
	−35.27
	Compaction rupture
	36
	33.31
	Tensile rupture



	17
	31.24
	Shear rupture
	37
	15.12
	Shear rupture



	18
	−42.59
	Compaction rupture
	38
	0.12
	Shear rupture



	19
	−27.35
	Compaction rupture
	39
	−1.27
	Shear rupture



	20
	34.93
	Tensile rupture
	
	
	










 





Table 3. Coordinate values of spatial points after dimensionality reduction transformation.
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Event Number

	
Coordinate

	
Event Number

	
Coordinate




	
X/m

	
Y/m

	
X/m

	
Y/m






	
1

	
−10.8765

	
9.95176

	
28

	
56.86277

	
2.854803




	
2

	
−0.59293

	
3.109962

	
29

	
−6.75824

	
3.53674




	
3

	
−41.3879

	
−0.28007

	
30

	
−37.1268

	
−1.48474




	
4

	
−7.04436

	
1.29217

	
31

	
−36.7571

	
−1.49648




	
5

	
59.60884

	
−7.15709

	
32

	
87.23763

	
4.961927




	
6

	
109.3827

	
14.78544

	
33

	
82.11688

	
−4.01791




	
7

	
62.90408

	
−29.0757

	
34

	
80.31245

	
4.257605




	
8

	
−79.8477

	
14.88671

	
35

	
−10.1965

	
0.610695




	
9

	
67.38239

	
1.259091

	
36

	
−45.1032

	
−2.07072




	
10

	
−41.5376

	
−2.1254

	
37

	
−58.5264

	
−2.32475




	
11

	
−45.295

	
−6.14593

	
38

	
77.11557

	
−18.5307




	
12

	
−38.1274

	
−1.4671

	
39

	
−17.8534

	
10.02041




	
13

	
−36.628

	
−2.43047

	
40

	
−34.5054

	
−2.44011




	
14

	
−35.6262

	
−1.33127

	
41

	
−35.2227

	
−1.29628




	
15

	
−6.86157

	
6.61236

	
42

	
63.89554

	
−2.26831




	
16

	
−9.07013

	
6.27485

	
43

	
−45.0349

	
−2.26045




	
17

	
−5.92051

	
13.79336

	
44

	
−16.2277

	
14.12077




	
18

	
109.8395

	
11.4029

	
45

	
79.1457

	
11.04772




	
19

	
58.76017

	
16.88287

	
46

	
91.32151

	
5.168681




	
20

	
45.78073

	
−12.9662

	
47

	
−5.5069

	
3.822066




	
21

	
−36.2544

	
−2.07439

	
48

	
69.18483

	
7.611306




	
22

	
−37.335

	
−1.84304

	
49

	
−38.188

	
−3.45225




	
23

	
−43.8339

	
−0.46505

	
50

	
−39.431

	
−4.10676




	
24

	
−44.1382

	
−1.98987

	
51

	
−85.3725

	
17.05412




	
25

	
−43.4034

	
−2.11622

	
52

	
−61.7995

	
−3.9723




	
26

	
−50.3789

	
−13.2768

	
53

	
−37.7598

	
−2.90742




	
27

	
−29.4603

	
−14.2955

	
54

	
54.13868

	
−33.6491
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