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The construction of deep underground engineering is greatly influenced by complex geological conditions such as high stress, faults, and fracture zones, which significantly affects the stability of the project. Taking the construction of 1,915-m-deep shaft in Sanshandao Gold Mine as the engineering background, which passes through many different strata and multiple fracture zones, the stability evaluation and failure zone prediction during its excavation under the influence of high stress, uneven strata, and fault structure are studied. Results show that the range of the failure zone increases significantly when the shaft passes through the fracture zone or different lithologies, and the maximum depth is 5.28 m. When the distance between the rock mass in the borehole and the excavation face is greater than 48 m, the disturbance superposition effect basically disappears. This paper provides theoretical and data support for the design and construction of the kilometer-deep shaft in Sanshandao Gold Mine.
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1 INTRODUCTION
With the depletion of shallow resources, metal mines at domestic and abroad have gradually entered the stage of deep mining. As the first project of deep mining, the construction of deep shafts has become the primary problem to be solved. Overviewing the deep mining activities at domestic and abroad, many deep shafts with a depth of over 2,000 m have been built and operated in South Africa, Canada, the United States, and Russia. The deep shafts that have been built in China include the main and auxiliary shafts of Sishanling Iron Mine of Jianlong Group, with depths of 1,505 and 1,503.9 m, respectively, the No. 3 shaft of Huize lead–zinc mine in Yunnan Province, with a depth of 1,526 m, and the new main shaft of Xincheng Gold Mine in the Shandong Gold Group, with the depth of 1,527 m. However, there are few engineering examples of shafts deeper than 1,500 m (Zhao, 2018; Tan et al., 2021). The deep shaft, with a depth of over 1,000 m, passes through multi-layer non-uniform complex strata, faults, and fracture zones of different scales during the construction process. Therefore, due to the influence of high stress and complex geological conditions, there are obvious regional differences in the mechanical response characteristics of the surrounding rock on the shaft wall during its construction, bringing difficulties to the stability control of the rock mass during the construction process (Kaiser et al., 1983; Gao et al., 2009; He et al., 2009; Wang et al., 2009; Qian and Zhou, 2018; Zhang and Zhou, 2020; Wang et al., 2022; Li et al., 2023; Zhang et al., 2023).
Experts in the field of shaft construction and rock mechanics have carried out many research studies on borehole stability when shafts or tunnels pass through rock mass of different strata (Liu et al., 2016; Song et al., 2018; Walton et al., 2018; Cheng et al., 2020; Li and Wang, 2020; Huang et al., 2022). Sun et al. (2020) utilized UDEC software combined with surface subsidence monitoring to analyze the stress and displacement meter damage changes in rock mass of a shaft of Jinchuan Group at different mining stages of the ore body and pointed out that as the mining activities pass through the upper and lower parts of the fault, it will be activated in different ways, and suggestions were made for the stability of the shaft during the operation. Gao et al. (2021) analyzed the stress distribution of the surrounding rock in granite and homogeneous mixed rock strata using FLAC3D and demonstrated clear requirements for the strengthening of the lining concrete, aiming at the wall cracking of the west second auxiliary shaft of Longshou Mine in the Jinchuan mining area. Feng et al. (2012) pointed out that the instability and failure of the tunnel mostly occurred in the contact zone of soft and hard rocks and studied the stress distribution during excavation using FLAC3D. It was concluded that there is obvious stress concentration and uneven distribution in the soft and hard rock foundation zone after tunnel excavation. The stress is concentrated in hard rock, whereas a certain degree of stress release occurs in the soft rock area. The plastic zone of soft rock is significantly larger than that of hard rock. Yassaghi and Salari-Rad (2004) illustrated that the stress concentration occurs when the tunnel passes through the fault zone. The convergence value of the roadway near the fault zone is approximately 3% higher than that of the normal area. The deformation of the tunnel gradually stabilizes after 1 month of excavation. Sun et al. (2018) used 3DEC to analyze the deformation characteristics of rock mass and borehole when the shaft passes through different lithologies and pointed out that shear stress concentration occurs in the contact zone of soft and hard rocks, where the depth of the plastic zone is the largest, forming a pressure relief zone.
The aforementioned research studies analyze the deformation law and instability mode of surrounding rock and supporting system when the shaft or tunnel passes through different strata or fault zones at different angles. However, in view of the lack of systematic research on crossing multi-layer non-uniform complex strata during construction, this paper uses FLAC3D to analyze stability and evaluate failure zone prediction of the 1,915-m auxiliary shaft of Sanshandao Gold Mine, which is the deepest shaft in China and the fourth deepest shaft in Asia. First, the failure proximity index is introduced for rock mass stability analyzation. Meanwhile, the size characteristics and variation law of the failure zone are predicted. The study provides theoretical and foundation data support for shaft construction and its long-term stability.
2 ENGINEERING BACKGROUND
On the purpose of the construction of a 1,915-m auxiliary shaft in Sanshandao Gold Mine, a 2,017-m prospecting hole was drilled in the center of the shaft; the wellhead elevation was 15 m. During the drilling process, the core investigation, in situ stress test, and rock mechanics experiments were carried out simultaneously, which obtained the distribution of strata, the variation law of in situ stress, and the mechanical parameters of rock mass in this deep shaft, respectively. According to the results of the in situ stress test, its three-dimensional variation law (Hou et al., 2022) is shown in Eq. 1. The investigation results showed that the auxiliary shaft of Sanshandao Gold Mine passes through seven different lithologies and six obvious fracture structures during its construction. Based on the results of rock mechanics experiment and rock mass quality classification, the whole length of the geological exploration borehole was divided into 18 areas with the lithology boundary and fault as the interface, as shown in Figure 1. According to the results of engineering exploration, it can be seen that the 1,915-m auxiliary shaft of Sanshandao Gold Mine is affected by the combined action of complex geological conditions such as uneven strata, high stress, and fault structure, which inevitably leads to the deformation and failure characteristics of borehole rock mass showing significant regional differences.
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[image: Figure 1]FIGURE 1 | Diagram of the shaft crossing different strata.
where H is the depth of rock mass, σH is the maximum horizontal principal stress, σh is the minimum horizontal principal stress, and σv is the vertical principal stress.
3 NUMERICAL SIMULATION OF THE DEEP SHAFT EXCAVATION PROCESS UNDER UNEVEN STRATUM CONDITIONS
3.1 Numerical calculation model and scheme
According to the results of the rock mass quality investigation and in situ stress test of the exposed strata, a refined numerical calculation model of the auxiliary shaft of Sanshandao Gold Mine was established, and the corresponding rock mechanics parameters were assigned to the 18 rock mass regions. The excavation response characteristics of rock mass under the combined influence of stress state, uneven strata, and faults were analyzed, and the stability of surrounding rock was evaluated. Since the design diameter of this shaft section was 10.5 m, the diameter of this model was set to 10.5 m, as shown in Figure 2. In order to eliminate the boundary effect of the model, its scale was set to 3–5 times of the engineering scale. Meanwhile, the model size was 100 m × 100 m × 2,200 m, and the single excavation footage of this model was 5.0 m.
[image: Figure 2]FIGURE 2 | Section of numerical calculation model.
3.2 Boundary conditions and assignment parameters
In this paper, the Hoek–Brown criterion (Sun et al., 2011; Hoek and Brown, 2019; Renani and Cai, 2021) was used to carry out numerical simulation. The boundary conditions were the normal displacement constraints on the left, right, front, back, and upper boundaries of the model and the three-way fixed displacement constraints at the bottom. The stress conditions of the model were set according to the in situ stress results, and the calculation expression of rock mechanical parameters is given as follows:
[image: image]
where φ represents the internal friction angle of rock mass, c represents cohesion, and σT represents the tensile strength of rock mass. fa = (1 + a) (2 + a) and fb = 6amb, fc = (s + mbσ3n)a−1, where σ3n = σ3max/σci, σ3max = 0.47σcm [σcm/γH]−0.94, and σcm represents the rock mass strength, σcm = σci[mb + 4s-a (mb-8s) (mb/(4+s))a−1]/2fa. Furthermore, a, s, and mb represent Hoek–Brown material parameters related to rock damage.
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The value mi in the aforementioned formula is the empirical parameter of rock dimension, which is obtained using the following empirical formula (Zhang et al., 2019):
[image: image]
GSI is a geological strength index, which can be estimated from the RMR (rock mass classification index) value. The empirical relationship between RMR and GSI is obtained from Zhang et al. (2019) as follows:
[image: image]
D is the coefficient of the disturbance degree of blasting or stress release to rock mass, and its value ranges from 0 (not disturbed) to 1 (the maximum disturbance), and the disturbance parameter D is 0.2. Parameters obtained from the aforementioned formulas are summarized in Table 1.
TABLE 1 | Material assignment parameters.
[image: Table 1]3.3 Evaluation method of the surrounding rock failure zone based on the failure proximity index
The plastic zone obtained according to the current failure criterion can only determine the range of the damage zone and cannot further quantify its damage degree. Therefore, the damage proximity index (Liu et al., 2009; Zhang et al., 2011) is used to evaluate the failure of the rock mass. FAI is a comprehensive quantitative evaluation index of risk degree, and its calculation expression is given as follows:
[image: image]
where FD is the degree of failure and ω is the complementary parameter of yield approachability YAI, given as ω = 1 − YAI, where YAI is the yield approachability function. The formula of yield approachability function based on the Hoek–Brown criterion is as follows:
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where θσ is the stress lode angle; σπ and τπ are normal stress and shear stress components of the plane, respectively; γ is the rock mass density; H is the depth of embedment; [image: image] is the plastic shear strain, [image: image], where plastic deviatoric strain [image: image]; and [image: image] is the calculation of the plastic shear strain of materials.
In summary, the FAI index can be used to characterize the rock failure degree intuitively and quantitatively. Moreover, it can predict the distribution and size of the rock failure zone after shaft excavation. When FAI ≥ 2.0, the rock is seriously broken and failure occurs. In this paper, the area with FAI ≥ 2.0 is defined as the instability zone.
4 NUMERICAL SIMULATION RESULTS
4.1 Distribution characteristics of the surrounding rock stress field
As shown in Figures 3, 4, with the increase in buried depth, the maximum principal stress of the surrounding rock also increases. However, due to the influence of uneven strata, the maximum principal stress changes non-linearly with the increase in buried depth, and it experiences a significant increase or decrease in some areas. It shows a critical decrease at the depth from −680 to −780 m, −1,680 to −1,750 m, and −1,820 to −2,050 m. The comparative analysis shows that the mechanical properties of the rock mass corresponding to these three areas are lower than those of the adjacent strata and the rock mass is weak and broken, which indicates that the reduction degree of the maximum principal stress is critically influenced by the difference in mechanical properties between adjacent strata. The maximum principal stress increases strongly in the two areas of buried depths from −1,050 to −1,350 m and −1,750 to −1,850 m. The rock mass in the aforementioned two areas is relatively complete and hard, whereas the stress concentration effect on the surrounding rock is significant. The maximum principal stress value at the fault reduced obviously, and its reduction value differs with the increase in buried depth. When the buried depth is less than 500 m, the reduction value caused by the fault is 10 MPa. Compared with the buried depth from 500 to 1,200 m, its value is 15 MPa. When the buried depth is greater than 1,200 m, it could reach 20 MPa. Therefore, with the increase in buried depth, the initial in situ stress increases, and the unloading effect at the fault caused by shaft excavation is significant, which indicates that the support should be strengthened.
[image: Figure 3]FIGURE 3 | Cloud diagram of the maximum principal stress of the surrounding rock after deep shaft excavation.
[image: Figure 4]FIGURE 4 | Variation law of maximum principal stress with excavation depth.
Figures 5, 6 show that the pressure relief zone is generated near the borehole, and the depth of the pressure relief zone at the fault position is obviously increased. According to the distribution of the minimum principal stress, it is obviously reduced from −650 to −1,150 m, −1,350to −1,650 m, and −1,850 to −1,980 m, respectively, with a critical unloading phenomenon, which demonstrates the support system on the borehole should be strengthened, and the forced state of the borehole is changed from compression to tension due to the existence of fault. It further aggravated the risk of borehole caving.
[image: Figure 5]FIGURE 5 | Cloud diagram of the minimum principal stress of the surrounding rock after deep shaft excavation.
[image: Figure 6]FIGURE 6 | Variation in minimum principal stress with excavation depth.
4.2 Distribution characteristics of the surrounding rock displacement field
As shown in Figures 7, 8, with the increase in buried depth, the displacement of the borehole shows an increasing trend. Affected by uneven strata, the displacement of surrounding rock increases sharply in some areas. The displacement increases sharply in the depth from −650 to −1,050 m, −1,350 to −1,750, and −1,850 to −1,950 m. Among the non-fault areas from −1,680 to −1,720 m, it reaches the maximum value of 75.75 mm. By analyzing the distribution law of the initial maximum principal stress direction, the minimum principal stress direction, and the displacement of rock mass in the area without the interface between the fault and the lithology, it can be seen that the displacement value in the maximum principal stress direction is greater than that in the minimum principal stress direction, and the displacement difference in those two directions gradually increases with the increase in the buried depth. It reaches 10 mm when the excavation depth is between 1,400 and 1,700 m. Moreover, the displacement in the direction of the maximum principal stress at the fault is seven times more than that in the direction of the minimum principal stress. For example, at a depth of −480 m, the displacement value in fault is 13.17 mm higher than that in rock mass near the borehole, and this difference increases to 29.23 mm at −700 m, 103.06 mm at −1,050 m, 495.90 mm at −1,430 m, 467.28 mm at −1,620 m, and 139.78 mm at −1,980 m. It can be seen that the influence of fault on surrounding rock displacement is more significant than that of excavation depth and stratum condition.
[image: Figure 7]FIGURE 7 | Cloud image of surrounding rock displacement after deep shaft excavation.
[image: Figure 8]FIGURE 8 | Variation in surrounding rock displacement with excavation depth.
Through the analysis of displacement, it demonstrates that displacement increases from −650 to −1,050 m, −1,350 to −1,750 m,−1,850 m to −1,950 m, and six fault zones. It experiences a significant increase below −1,000 m due to the comprehensive influence of high stress and discontinuity structure. Timely and strong support measures should be considered, such as long anchor cables and lining concrete.
4.3 Distribution characteristics of the plastic zone
From Figures 9, 10, it can be concluded that the failure type of the shaft is mainly shear failure (Li and Wang, 2020). When the buried depth is shallow, tensile failure and shear–tensile mixed failure appear in the borehole rock mass. With the increase in buried depth, the in situ stress increases and the depth of the plastic zone also increases. However, due to the influence of uneven rock strata, the plastic zone in the local area fluctuates. From −650 to −1,150 m, −1,680 to−1,750 m, and −1,900 to −2,000 m, the equivalent depth of the plastic zone increases significantly, resulting in the deterioration of rock mass mechanical parameters. Among them, it has the most critical increase from −680 to −780 m and −1,680 to −1,750 m, which are 5.73 and 6.38 m, respectively. In the region of buried depth from −1,080 to −1,350 m, the equivalent depth of the plastic zone decreases significantly due to the strengthening mechanical parameters of the rock mass. In addition, the plastic zone of the surrounding rock at the fault increases obviously, and there are more shear–tensile mixed failure in the rock mass near the fault.
[image: Figure 9]FIGURE 9 | Plastic zone distribution of the surrounding rock after deep shaft excavation.
[image: Figure 10]FIGURE 10 | Variation in plastic zone depth with the excavation depth of the shaft section.
Meanwhile, the equivalent depths of the plastic zones in the fault area buried at −480 , −700, −1,050, −1,430, −1,620, and −1,980 m are, respectively, 0.64, 1.42, 2.58, 0.78, 0.58, and 1.89 m higher than those of the surrounding rock near the fault. It can be obtained that the variation in the plastic zone caused by faults at different buried depths differs due to the influence of uneven strata, and its variation law is affected by faults, ground in situ stress, and geomechanical characteristic.
5 STRESS RELEASE RULE AND DAMAGE SUPERPOSITION CHARACTERISTICS OF SURROUNDING ROCK IN DEEP SHAFT EXCAVATION
The stress release and deformation of surrounding rock during shaft excavation will be constrained by the excavation face. Therefore, the stress during shaft excavation is released step by step, and its damage is affected by the distance from the excavation face. In this section, the shaft section at the buried depth of 1,900 m is used as the monitoring surface to analyze the stress release and damage evolution law of surrounding rock with the increase in the shaft excavation depth.
Figures 11, 12 show that the distance between the monitoring surface and the excavation surface increases, and the displacement shows an increasing trend followed by a stable tendency. When excavating to the monitoring surface, due to the influence of the upper excavation, a displacement of 5.66 mm has been generated. With the first step of excavation, the displacement increases rapidly to 14.03 mm. As the excavation depth continues to increase, the displacement of the surrounding rock continues to increase, and its increment decreases. When the excavation depth reaches 48 m, the displacement increases by 19.21 mm, and it no longer increases and tends to be stable with the further increase in excavation depth.
[image: Figure 11]FIGURE 11 | Displacement variation in the monitoring surface with excavation depth: (A) 6 m between excavation and monitoring face; (B) 18 m between excavation and monitoring face; and (C) 48 m between excavation and monitoring face.
[image: Figure 12]FIGURE 12 | Maximum displacement and maximum principal stress concentration coefficient of the monitoring surface varying with the distance from the excavation surface.
Figures 12, 13 show that they have a similar displacement variation law. Due to the influence of the upper excavation, the maximum principal stress on the monitoring surface is 90.47 MPa, and the stress concentration factor is 1.31. With the first step of excavation, the stress is rapidly released, and the stress concentration occurs on both sides of the borehole. The maximum principal stress of the monitoring surface increases to 104.27 MPa, and the stress concentration factor increases to 1.51. With the increase in excavation depth, the degree of stress concentration continues to increase, and the increase in stress concentration decreases. When the excavation depth reaches 48 m, the stress concentration degree of the monitoring surface tends to be stable. At this time, the maximum principal stress of the monitoring surface increases to 115.28 MPa, and the stress concentration factor increases to 1.666.
[image: Figure 13]FIGURE 13 | Nephogram of maximum principal stress of the monitoring surface with excavation depth: (A) 6 m between excavation and monitoring face; (B) 18 m between excavation and monitoring face; and (C) 48 m between excavation and monitoring face.
Figures 14, 15 show that the displacement variation law is similar to the maximum principal stress variation tendency. Due to the influence of the upper excavation, the destruction approaching degree FAImax of the monitoring surface is 2.89, and the depth of the failure zone is 0.39 m. With the first step of excavation, the surrounding rock around the monitoring surface is rapidly destroyed, the destruction approaching degree FAImax of the monitoring surface increases rapidly to 7.48, and the depth of the damage zone increases to 1.92 m. As the excavation depth continues to increase, the depth of the failure zone and the degree of damage continue to increase, whereas the depth of the failure zone decreases. When the excavation depth reaches 48 m, the depth of the failure zone and the degree of damage to the monitoring surface basically tend to be stable. At this time, the destruction approaching degree FAImax of the monitoring surface is 8.69, and the depth of the failure zone increases to 2.52 m.
[image: Figure 14]FIGURE 14 | Variation rule of the monitoring surface with the depth of the excavation failure zone: (A) 6 m between excavation and monitoring face; (B) 18 m between excavation and monitoring face; and (C) 48 m between excavation and monitoring face.
[image: Figure 15]FIGURE 15 | Variation in the failure zone on the monitoring surface with distance from the excavation surface.
In summary, with the increase in the distance between the working face and the monitoring section, the constraint effect of the working face is gradually weakened, and the stress is fully released. The displacement, the maximum principal stress concentration factor, the maximum value of destruction approaching degree, and the depth of the failure zone increase, indicating the expansion of the rock damage range and the increase in the degree of fragmentation. When the monitoring section is 48 m away from the excavation surface, the deformation of the surrounding rock is released by stress, and the changes in each evaluation index tend to be stable.
6 FAILURE RANGE EVALUATION OF THE 1,915-M-DEEP SHAFT IN SANSHANDAO GOLD MINE
As shown in Figures 16, 17, with the increase in buried depth, there is no damage zone in the shallow rock mass. The first and only damage zone is located at the fault buried at −480 m. When passing through the fault, with the increase in excavation depth. When the excavation depth exceeds −660 m, the borehole begins to produce a damage zone. With the increase in excavation depth, the damage zone shows an increasing trend, but it is affected by the uneven stratum. There is a significant increase in the surrounding rock in the local area. The depth of the failure zone increases significantly in the three regions of −650 to −1,050 m, −1,350 to −1,750 m, and −1,850 to −2,016 m. Among them, the depth of the failure zone increases slightly in the region of −650 to −1,050 m, whereas it increases greatly from −1,350 m to −1,750 m. Particularly, in the region of −1,680 m to −1720 m, the damage reaches the peak (5.68 m). The change rule is consistent with the reduction zone of the minimum principal stress. It shows that the support strength of the surrounding rock should be strengthened in the aforementioned three areas during construction, and there are two serious damage areas in the whole shaft construction area, which locate at −1,400 to −1,750 m and −1,850 to −2,016 m. The depth of the serious damage area of the surrounding rock in the aforementioned two areas is more than 2 m. Similar to the aforementioned analysis of displacement and plastic zone, due to the existence of the discontinuous structure of the fault, the depth of the failure zone is significantly increased compared with the depth of the surrounding rock failure zone in the borehole. At the same time, when the buried depth reaches −480, −700, −1,050, −1,430,−1,620, and −1,980 m, the equivalent depth of the failure zone increases by 0.41, 1.34, 1.75, 0.72, 0.98, and 1.79 m, respectively.
[image: Figure 16]FIGURE 16 | Variation in the failure area of shaft section distribution with excavation depth (including faults).
[image: Figure 17]FIGURE 17 | Variation rule of the equivalent depth of the failure zone with excavation depth.
Through the analysis of the failure zone, it will be generated at the depth of −480 m fault and more than −660 m area, and the stability of the surrounding rock should be paid attention to in the area where the failure zone will be generated. Moreover, a corresponding support plan should be formulated. Particularly, in the two areas of −1,400 to −1,750 m and −1,850 to −2,016 m, the depth of the failure zone exceeds 2 m. The traditional bolt support will no longer be able to meet the requirements of stability control in these two areas.
7 RESULTS AND CONCLUSION

1) Through the analysis of stress, displacement, and plastic zone, with the increase in excavation depth and the decrease in rock mass quality, the maximum principal stress concentration value, displacement, and plastic zone area increase. The stress reduction zone, the deformation zone of rock mass, and the increase in the area of the plastic zone are consistent: 650 to −1,050 m, −1,350 to −1,750 m, and −1,850 to −1,950 m.Particularly, in the area of −1,680 to −1,720 m, the displacement reaches a maximum value of 75.75 mm, with a 6.38 m plastic zone. The maximum displacement at fault reaches 525.06 mm, with a 6.64 m plastic zone.
2) Through the analysis of the stress release law and damage superposition characteristics of the surrounding rock during the shaft excavation, it is concluded that with the increase in the distance between the working face and the monitoring section, the constraint effect of the working face is gradually weakened, and the stress release is sufficient. When the distance between the monitoring section and the excavation face reaches 48 m, the deformation of the surrounding rock is released as stress, and the change in each evaluation index tends to be stable.
3) Through the analysis and prediction of the failure zone, except for the fault, there is no failure zone when the buried depth is less than 660 m. The depth of the failure zone is more than 2 m at the buried depth of −1,400 to −1,750 m and −1,850 to −2,016 m, and the depth of the failure zone reaches a maximum of 5.28 m.
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