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Abstract

:

In order to effectively address stability control technology issues of soft surrounding rock roadways in deep mines. This study analyses the deformation and failure characteristics of the surrounding rock of a −962 m horizontal track roadway with original support conditions based on a severe deformation case that occurred in a mine. Upon establishing a mechanical model of surrounding rock failure zoning for circular roadways, which is based on the relationship between the stress–strain curve of soft rocks and the secondary stress distribution and strength of surrounding rock, this study explores the influence of rock strength indicators, disturbance degree, and support resistance on the stress distribution of the surrounding rock. The failure or instability mechanism of high-stress soft and weak surrounding rock is revealed on this basis. A multi-stage strengthening combined support technology is proposed, which consists of “high-strength prestressed anchor bolt (cable) supports as the core, deep and shallow hole groutings as the foundation, bottom angle, and floor anchorage grouting reinforcements as the key.” Moreover, numerical simulation and engineering practice optimize and verify the support scheme. The results show that after adopting the multi-stage strengthening combined support technology, the deformation of the surrounding rock of the roadways was only 12.6~14.3% of that under the original supporting parameters, and the deformation rate was still less than 0.2 mm/d even after 40 days. The proposed surrounding rock support method realizes the stability control of the roadway, which also has specific reference significance for similar projects.
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1. Introduction


In China’s proven coal resources, 73% and 53% of the reserves are buried more than 600 m and 1000 m deep, respectively. Such special occurrence conditions require 90% of coal output to be mined in many deep roadways and wells. According to incomplete statistics, state-owned large and medium-sized coal mines in China excavate approximately 8000 km of new roadways yearly [1,2]. As the mining depth increases, the roadways’ surrounding rock and engineering structures are subjected to the harsh “three highs and one disturbance” environment, combined with complex geological structures. Consequently, there are increasing numbers of complex problems, such as continuous and severe deformation of the surrounding rock and serious failure of the supporting structure in soft-rock roadways. The repair rate is as high as 70% or more, which seriously affects the normal use of the roadways [3,4,5]. Therefore, revealing the deformation and failure rules of the roadway surrounding rock and proposing targeted control measures is of great significance for the safety and normal service of such roadways.



In recent years, numerous domestic and foreign scholars have researched the deformation and failure characteristics, control theory, and technology of surrounding rock in high-stress soft rock roadways. Li et al. [6] considered that there are six types of deformation and failure of roadway in a kilometer-deep mine, including roof cracking, floor heaving, unsymmetrical pressure, roof falling, side cracking, and rib spalling. Zhan et al. [7] suggested that the prominent contradiction between high stress and rock mass strength degradation was the intrinsic cause of nonlinear large deformation in deep soft rock roadways. Wu et al. [8] pointed out that the main reason for the tunnel’s serious damage is that the surrounding rock’s rheological deformation intensifies the crack propagation inside the rock. Through numerical simulation, Zhu et al. [9] believed that when the rock mass strength is low, the surrounding rock failure is mainly shear damage, and tensile damage is mainly concentrated at the bottom of the tunnel. In addition, Zhang [10] divided the bearing structure into soft and weak mudstone roadway surrounding rock and proposed the control concept of effective anchoring of anchor rods and anchor cables. Based on the composite beam theory, Liao et al. [11] proposed the control method of layered grouting reinforcement roadway for the problems of surrounding rock fracture development and roof breakage. Peng et al. [12] studied the asymmetric failure characteristics of roadways under high stress through numerical simulation and indoor experiments. They proposed a multi-gradient support method coupling the surrounding rock and supporting structure. Sun et al. [13] developed a high prestress constant resistance large deformation anchor rod support technology. They verified its effectiveness in preventing deformation and failure of soft-rock roadways through field applications. Yang et al. [14] solved the problem of severe deformation of rock due to high stress and long-term immersion in soft-rock roadways by using a joint support technology of “concrete spray layer, high-strength anchor cable, high-strength anchor rod, deep and shallow hole grouting”. Wang et al. [15] analyzed the factors affecting the deformation and failure of loose and fragmented rock roadways surrounding rock instability and proposed a full-section anchoring reinforcement technology. Li et al. [16] proposed a “layer-double arch” load-bearing structure mechanical model based on the characteristics of the first support using anchor net spray support and the second reinforcement using shallow and deep hole grouting anchor rods and anchor cables. Li et al. [17] believed that the main reason for the serious deformation of high-stress soft-rock roadways is the low adhesion between anchoring agents and surrounding rock interface and developed a high-strength grouting anchor rod support technology. Yu et al. [18] conducted in-depth research on fractured rock mass’s deformation and failure characteristics. They proposed a joint control technology based on long and short anchor rod bearing systems and controllable grouting reinforcement of internal and external structures. Zhu et al. [19] proposed a “three-shell” collaborative support technology for the difficult stabilization of large-section roadways in the deep rock mass and verified its effectiveness in controlling the deformation of roadway surrounding rock through numerical simulation and engineering practice. Traditional single support methods are rare in high-stress soft-rock engineering, and combining new support technologies and different support methods is an effective way and trend to solve deep engineering support problems.



In summary, many scholars have analyzed soft-rock roadways’ control mechanisms and countermeasures from different angles and solved various engineering problems. However, on the one hand, due to the complexity and uncertainty of the geological environment and influencing factors of the roadway, the determination of the surrounding rock support method should have the characteristics of adapting to local conditions. On the other hand, the evolution law of surrounding rock stress in deep soft rock roadway and how to construct a more effective and perfect surrounding rock control technology system remain to be discussed.



Therefore, this study comprehensively analyzes the deformation and failure characteristics of surrounding rock in deep soft-rock roadways. Secondly, the three-stage fully stressed-strain curve of soft-rock roadways was used to categorize the secondary bearing structure of the surrounding rock and investigate the failure and stress field distribution characteristics under various influencing factors and the failure evolution mechanism of surrounding rock in high-stress soft rock roadway is revealed. On this basis, a multi-stage strengthening combined support technology was proposed, which utilizes high-strength prestressed anchor rod supports, deep and shallow hole groutings, and anchor reinforcements at the bottom corner and bottom plate. Finally, the reliability of the support scheme is verified using FLAC3D numerical simulation and industrial experimental methods. Figure 1 shows the work performed in this study.




2. Engineering Background


2.1. Geological Conditions


A case study was conducted at a Huainan City, China mine. The mine has a burial depth of approximately one kilometer, and the main track roadway within it has a depth of 962 m. The trackway has a cross-section consisting of a straight wall and semi-circular arch, measuring 5.9 m wide and 4.35 m high, with a net area of around 21.9 m2. At 1100 m across, this trackway is an essential hub for transporting materials, pedestrians, and ventilation across various mining areas on the western side. The section of the trackway being studied runs through mudstone and siltstone layers, encountering several faults and geological structures. As depicted in Figure 2, the stability of the surrounding rock is unsatisfactory, given the prevailing engineering geological conditions.




2.2. Characteristics of Roadway Deformation and Failure


On-site investigations revealed that both the main track roadway and other horizontal roadways at the same level experienced severe instability and support failure during the excavation process. The observed phenomena included: (1) significant convergence deformation of the arch roof of the roadway, accompanied by noticeable uplift and tension cracks on the floor, leading to considerable floor heave; (2) extensive detachment and breakage of the concrete spray layer on its side while the anchor rods were cut, anchor cables sheared, and anchor trays dislodged; and (3) frequent buckling and distortion of local U-shaped steel supports, tearing of metal mesh, and occurrences of rib heave, as shown in Figure 3.



The original support method employed for the main track roadway involved a single application of an anchored wire mesh, as shown in Figure 4a. To assess the specific conditions of deformation and failure in this roadway, select a monitoring section in the experimental section to observe the surface displacement of the surrounding rock using the cross-measurement method. The results are illustrated in Figure 4b, where severe convergence deformation occurred during the first 60 days following roadway excavation, with the deformation increasing consistently over time. The maximum horizontal displacement of both ribs was found to be 258 mm, while the maximum subsidence of the roof reached 369 mm, and the floor heave reached 508 mm. The overall section convergence rate of the roadway exceeded 27.2%, showing evident time-dependent characteristics.




2.3. Analysis of the Failure Factors


The following specific factors were identified as causing deformation and instability of the roadway through on-site investigation and analysis:



(1) High ground stress: The rail roadway has an average depth of approximately 962 m, and the vertical stress is about 24 MPa, indicating that the roadway belongs to the high-stress deep-well roadway category.



(2) Low rock strength: This roadway’s surrounding rock consists of mudstone and fine sandstone rocks. However, core taking at the site showed low core recovery rates, with the retrieved rock cores frequently in the form of cake and short sections. Further mechanical parameters testing indicated uniaxial compressive strengths of 33.7 MPa for mudstone and 52.4 MPa for fine sandstone (Table 1). Moreover, due to high stress and geological structural changes, the surrounding rock’s overall strength was lower, making it susceptible to distinctive plastic deformation during construction, typical of engineering soft rock.



(3) Unreasonable support methods: Inadequate investigation of loose circle range during initial support led to ineffective coupling between the supporting body and the surrounding rock. Engineering analogy methods were used, and an anchor net spray was chosen to reinforce the roadway, resulting in a significantly reduced anchoring capacity of the anchor rods.





3. Stress–Strain Behavior of Surrounding Rock in High-Stress Soft-Rock Roadways


3.1. Mechanical Model of Soft-Rock Roadway


After excavation and unloading, the change in stress loading path causes the surrounding rock to present a state of “unidirectional–bidirectional–tridirectional” stress from the roadway wall outward. This process is characterized by macro-cracking, fissure development, and micro-crack propagation [21]. The behavior of weak rock masses was typically assumed to correspond to the three stages of the complete stress–strain curve of rocks [22]. In this case, the rock mass forms a fragmentation zone, a plastic softening zone, and an elastic zone from the inside out. The mechanical model was built according to these characteristics, as depicted in Figure 5.



Appropriate simplification and assumptions are necessary to facilitate the analysis of the roadway model as follows: (a) the axial length of the roadway is infinite, which can be simplified as a plane strain problem; (b) the roadway is circular, and the radius is equivalent radius to R0 of the semi-circular arch (or rectangular) roadway with a straight wall; (c) the roadway is in the hydrostatic force field; the original rock stress is p0; (d) surrounding rock is a homogeneous and isotropic continuum.



According to the elastic–plastic theory, the equilibrium equation is,


    d  σ r    d r   +    σ r  −  σ θ   r  = 0  



(1)







Its geometric equation is as follows,


    ε θ  =  u r    ,    ε r  =   d u   d r     



(2)




where σr and σθ are the radial and tangential stresses of the surrounding rock, respectively; ɛr and ɛθ are the radial and tangential strain of the surrounding rock, respectively. u is the radial displacement, and r is the radius.




3.2. Deformation and Stress of Roadway Surrounding Rock Mass


(1) Elastic zone



Deformation and stress of surrounding rock in the elastic zones are detailed in [23],


   u e  =   ( 1 + ν ) (  p 0  −  σ r  es   )  E     R s 2   r   



(3)






       σ r e  =  p 0  + (  σ r  es   −  p 0  )       R s   r    2       σ θ e  =  p 0  − (  σ r  es   −  p 0  )       R s   r    2       



(4)




where σres is the radial stress at the elastic–plastic junction.



At the elastic–plastic interface (r = Rs), then


   σ r  es   =   2  p 0  −  σ c q    K + 1    



(5)






  K =   1 + sin ϕ   1 − sin ϕ    



(6)




where Rs is the radius of the plastic softening zone (m),    σ c q    is the ultimate compressive strength of surrounding rock (MPa),    σ c q  =   2 c ⋅ cos ϕ   1 − sin ϕ    , c is the cohesion of surrounding rock, and φ is the initial internal friction angle of the rock (°).



(2) Plastic softening zone



Deformation and stress of surrounding rock in the plastic softening zones are detailed in [23],


   u s  =   (  n 1  − 1 )  A 0    1 +  n 1    r +   2  A 0   R s  1 +  n 1      1 +  n 1     r  −  n 1     



(7)




where    A 0  =   ( 1 + v ) [  p 0  ( K − 1 ) +  σ c q  ]   ( K + 1 ) E    , E is the elastic modulus of the surrounding rock, ν is the Poisson’s ratio of the surrounding rock, and n1 is the dilatancy coefficient of the surrounding rock in the plastic softening zone.



The Mohr–Coulomb criterion for the plastic softening zone is,


   σ θ s  = K  σ r s  +  σ c s   



(8)







Combined with Equations (1) and (8), the general solution of surrounding rock stress can be expressed as,


   σ r s  =  r  K − 1     ∫   σ c s   r  − K      d r  



(9)




where σcs is the compressive strength of the surrounding rock in the plastic softening stage.



If the attenuation form of post-peak plastic softening strength is simplified into a straight line, as shown in Figure 5, then the relationship between the softening strength σcs of rock mass in the plastic softening area of roadway and tangential strain can be expressed as in [10,16],


   σ c s  =  σ c q  +    σ c b  −  σ c q     ε θ  sb   −  ε θ  es     (  ε θ s  −  ε θ  es   ) =  σ c q  +    σ c b  −  σ c q    ( α − 1 )  ε θ  es     (  ε θ s  −  ε θ  es   )  



(10)




where    σ c b    is the residual strength of surrounding rock (MPa);    ε θ  es    ,    ε θ s   ,    ε θ  sb     are tangential strains of roadway surrounding rock at the elastic–plastic junction, the plastic softening stage, and the junction of softening and fracture zone, respectively, and α is the softening coefficient.



Then, further combining Equations (2) and (7), here is what can be obtained,


   ε θ  es   =  B 1  +  B 2   



(11)






   ε θ s  =  B 1  +  B 2         R s   r      1 +  n 1     



(12)






   ε θ  sb   =  B 1  +  B 2         R s     R b        1 +  n 1     



(13)






  α =    ε θ  sb      ε θ  es      



(14)




where    B 1  =   (  n 1  − 1 )  A 0    1 +  n 1     ,    B 2  =   2  A 0    1 +  n 1     , Rb is the radius of the fracture zone.



Thus, Equation (10) can be expressed as,


   σ c s  =  σ c q  +   (  σ c b  −  σ c q  )  B 2    ( α − 1 ) (  B 1  +  B 2  )            R s   r      1 +  n 1    − 1   =  B 3         R s   r      1 +  n 1    +  B 4   



(15)




where    B 3  =   (  σ c b  −  σ c q  )  B 2    ( α − 1 ) (  B 1  +  B 2  )    ,    B 4  =  σ c q  −  B 3   .



Since the stress is continuous, by substituting Equation (15) into Equation (9), the surrounding rock stress can be obtained using the following equation:


   σ r s  =     2  p 0  −  σ c q    K + 1   +    B 3    K +  n 1    +    B 4    K − 1          r   R s        K − 1   −    B 3    K +  n 1           R s   r      1 +  n 1    −    B 4    K − 1    



(16)







When r = Rb and    σ c s  =  σ c b   , It can be further obtained from Equation (10)


     R s     R b    =     1 +   ( α − 1 ) ( 1 +  n 1  )  2       1  1 +  n 1       



(17)







(3) Fracture zone



Displacement of the fracture zone is [23],


   u b  =     2  A 0  (  n 2  −  n 1  )   ( 1 +  n 1  ) ( 1 +  n 2  )          R s     R b        1 +  n 1    +    A 0  (  n 1  − 1 )   1 +  n 1      r   +   2  A 0   R b  1 +  n 2      1 +  n 2           R s     R b        1 +  n 1     r  −  n 2     



(18)




where n2 is the expansion coefficient of the fracture zone.



The Mohr–Coulomb criterion for the fracture zone is,


   σ θ b  =  K b   σ r b  +  σ c b   



(19)




where    K b  =   1 + sin  ϕ b    1 − sin  ϕ b     ,    σ c b  =   2 ⋅  c b  ⋅ cos  ϕ b    1 − sin  ϕ b     ;    ϕ b   ,    c b    is the residual cohesion and internal friction angle of the rock mass.



Similarly, the general solution of surrounding rock stress obtained simultaneously using Equations (1) and (19) is,


   σ r b  =  r   K b  − 1     ∫   σ c b   r  −  K b       d r  



(20)







As the residual strength of the fracture zone is a constant, therefore,


   σ r b  =    σ c b    1 −  K b    +  C 1   r   K b  − 1    



(21)







Considering the stress continuity condition at the junction of the fracture zone and the plastic softening zone (when r = Rb,    σ r b  =   (  σ r s  )   r =  R b     ), C1 can be obtained by combining Equation (16) and then substituting it into Equation (18) to further obtain the following Equation (21).


     σ r b  =     r   R b        K b  − 1         2  p 0  −  σ c q    K + 1   +    B 3    K +  n 1    +    B 4    K − 1            R b     R s        K − 1           −    B 3    K +  n 1           R s     R b        1 +  n 1    −    B 4    K − 1   −    σ c b    1 −  K b      +    σ c b    1 −  K b       



(22)







Upon substituting r = R0 and σrb = Pi into Equation (20), the radius of the surrounding rock’s fracture zone can be obtained as,


     R b  =  R 0         P i  −    σ c b    1 −  K b       /        2  p 0  −  σ c q    K + 1   +    B 3    K +  n 1    +    B 4    K − 1     ⋅                           R b     R s        K − 1   −    B 3    K +  n 1           R s     R b        1 +  n 1    −    B 4    K − 1   −    σ c b    1 −  K b          1  1 −  K b         



(23)







Finally, the radius Rs of the plastic softening zone can be obtained by combining Equations (17) and (23).




3.3. Physical Parameters of Surrounding Rock


Engineering rock masses are organic complexes composed of rock blocks and structural planes, whose strength characteristics are jointly controlled by various factors, such as the strength of rock blocks and structural planes and the rock mass structure [24]. Properly selecting engineering rock mass parameters is beneficial for making correct judgments about its stability. Especially for weak rock masses with developed fractures, the rock mechanics parameters obtained from laboratory experiments must be appropriately reduced when applied to engineering practice. Therefore, the M-C equivalent strength formula proposed by Hoek based on the H-B strength criterion is adopted to carry out parameter conversion in calculating rock mass strength parameters [25].


  c =    σ c  [ ( 1 + 2 a ) s + ( 1 − a )  m b   σ   3 n    ]   ( s +  m b   σ   3 n    )   a − 1     ( 1 + a ) ( 2 + a )   1 + [ 6 a  m b    ( s +  m b   σ   3 n    )   a − 1   ] / ( 1 + a ) ( 2 + a )      



(24)






  ϕ =   sin   − 1       6 a  m b    ( s +  m b   σ   3 n    )   a − 1     2 ( 1 + a ) ( 1 + a ) + 6   ( s +  m b   σ   3 n    )   a − 1        



(25)






  E =  E i    0.02 +  1  1 + exp     60 − G S I   11          



(26)




where Ei is the elastic modulus of rock.



Where


   σ  3 n   =    σ  3 max    /   σ c     



(27)







The relationship between the upper limit of the maximum confining pressure    σ  3 max     and the strength of rock mass    σ  cm     is as follows,


     σ  3 max      σ  cm     = 0.47        σ  cm     γ H       − 0.94    



(28)




where γ is the weight of rock mass, H is the engineering burial depth,    σ  cm     is the strength of rock mass, and the specific expression is as follows,


   σ  cm   =    σ c  [  m b  + 4 s − a (  m b  − 8 s ) ]   (  m b  / 4 + s )   a − 1     2 ( 1 + a ) ( 2 + a )    



(29)




where σc is the uniaxial compressive strength of rock, mb, s, and a are rock mass parameters of the Hoek–Brown strength criterion, which are determined using the following formula,


       m b  =  m i  exp     G S I − 100   28 − 14 D         s = exp     G S I − 100   9 − 3 D         a =  1 2  +  1 6  (  e  − G S I  / 15    −  e  −  20 / 3    )      



(30)




where D is the rock disturbance parameter (D = 0, in conventional triaxial compression test), GSI is the geological strength index of rock, which represents the integrity of rock mass, and mi is the rock material index, reflecting the hardness of the rock.



In order to analyze the deformation and failure characteristics of the surrounding rock of the track roadway, the original rock stress p0 was set as 25 MPa according to the in situ stress measured results. The radius of the roadway was the equivalent radius of a semi-circular arch roadway with a straight wall, which can be converted from the following formula [26].


   R 0  =  k 0    (  S 0  / π )   1 / 2    



(31)




where k0 is the correction factor of the semi-circular arch section of the straight wall, k0 = 1.10, S0 is the actual roadway section area, and S0 = 21 m2. The equivalent radius of the roadway R0 = 2.9 m according to Equation (31).



The strength index and disturbance degree of surrounding rock geology in the elastic roadway area are represented by GSIpeak and Dpeak, respectively. In contrast, the surrounding rock in the fractured area is represented by GSIres and Dres, respectively, as shown in Table 2.



The rock mass parameters in Table 2 are substituted into Equation (30), and then the M-C equivalent strength parameters c and φ of rock mass based on the H-B strength criterion can be obtained according to the equivalent strength conversion method of Equations (24)–(29).




3.4. Analysis of Failure Sensitive Parameters of Surrounding Rock


Taking mudstone as an example, the values of parameters n1 and n2 are taken as 1.2 and 1.3, respectively, α = 4.1, and Dres = 0.7. Figure 6 demonstrates how the residual value of the geological strength index (GSIres) influences the stress and damage range of surrounding rock with various geological strength indicators. It can be observed that the tangential stress distribution pattern of surrounding rock shows an increasing-then-decreasing trend from the roadway surface, with the stress peak occurring at the elastic–plastic boundary. The radial stress keeps increasing and approaches its original state. This phenomenon occurs because, after excavation, the radial stress within a specific range of the surrounding rock surface is relieved. However, due to the disparity between high-concentrated tangential stress and low-strength surrounding rock, the rock mass needs specific fracture damage to balance the impact of high stress. As depicted in Figure 6a, when other parameters remain constant, the peak value of tangential stress transfers deeper into the surrounding rocks as the GSIres of surrounding rocks decrease. In addition, the area around the roadway with lower stress than the original rock stress significantly increases, whereas the slope of the stress gradient tends to slow down.



Furthermore, it can be concluded from Figure 6b that GSIres has a substantial effect on the sensitivity of fracture zone radius (Rb) and plastic softening zone radius (Rs), where their change proportions are approximately exponential as GSIres drop. When GSIres fall from 45 to 15, Rb and Rs increase by 60.4% and 60.7%, respectively. The smaller the GSIres, the more significant the softening degree of surrounding rock, and the lower the self-supporting capacity; hence, the more likely the roadway will become unstable. Improving GSIres for rock mass, particularly in high-stress soft-rock roadways, is essential.



Figure 7 depicts the influence of different disturbance degrees (Dres) on the stress and failure range of surrounding rock. The figure reveals that the extent of disturbance significantly influences the stability of the roadway surrounding rock. Holding other parameters constant, an increase in Dres results in the peak tensile stress zone of the surrounding rocks shifting towards the deeper part, with the radius of the fractured zone (Rb) and the plastic softening zone (Rs) continuously expanding. This phenomenon occurs because a higher degree of disturbance advances the rate of microcrack propagation and fractures/joint surface opening, leading to increased damage and fracture of the rock mass. This renders the rock mass unstable and rapidly propels it into the residual strength stage within a specific range of the surrounding rock. In practical engineering, roadways are prone to various factors, such as blasting excavation, adjacent roadway excavation, and working face advancement, which lead to the continuous deterioration of surrounding rock strength and relaxation of surrounding rock stress. Therefore, the long-term stability of roadways is challenging to ensure. Consequently, an increase in roadway disturbance degree represents one of the primary reasons behind roadway instability and failure.



Figure 8 shows the influence of different support resistance Pi on the stress and failure range of surrounding rock. As shown, the radius of the rock fragmentation zone Rb and the plastic softening zone Rs decrease linearly with increasing Pi. Specifically, as Pi gradually increases from 0.1 MPa to 0.7 MPa, Rb and Rs decrease by more than 23.1%; Rb decreases from 5.44 m to 4.18 m, while Rs drops from 10.67 m to 8.2 m. This finding suggests that the anchor rod’s radial constraint effect can effectively restore the stress state of the surrounding rock from a biaxial or uniaxial force to a triaxial force, reducing the extent of rock crack propagation and significantly enhancing its bearing capacity.



Based on the above analysis, the stability of the surrounding rock of high-stress soft rock roadway is comprehensively controlled by the residual value of geological strength index (GSIres), disturbance degrees (Dres), and support resistance (Pi). Therefore, the stability control of surrounding rock in deep roadway should be aimed at improving the above three parameters.





4. Failure Mechanism and Control Technology of Roadway Surrounding Rock Support


4.1. Support Failure Mechanism of Surrounding Rock


The failure range of the surrounding rock is shown in Table 3, according to the actual geological condition of the track roadway (GSIres = 20, Dres = 0.7, Pi = 0.1 MPa).



The thickness of the fracture zone and the plastic softening zone of the surrounding rock of the track roadway under the original support conditions are 2.54 m and 5.23 m, respectively (shown in Table 3). In the field, the range of fracture and loosening (fracture zone) of the two sides of the track roadway is 2.0~3.0 m using geological radar detection, and the roof is seriously broken, which can reach about 3.4 m locally. The theoretical calculation results are consistent with the field measurement. This indicates that the original support parameters make it difficult to maintain the stability of the roadway for a long time. The fractured rock mass was a loose medium with low bearing strength and could only keep self-stability under frictional occlusion. Microcracks in rock mass in the plastic softening zone are apparent, and their strength is gradually weakened, which, together with the plastic softening zone, it forms the bearing body of the surrounding rock and mainly bears the stress transferred from the reduction in bearing capacity caused by the fracture and relaxation of the roadway surrounding rock. It can be seen that the essence of support is to timely and effectively regulate the dynamic change in stress in the bearing area of surrounding rock through the interaction between support and surrounding rock and change the reduction path of surrounding rock strength. This can prevent the progressive expansion transformation of the boundary of the fracture zone and the plastic softening zone and ensure the stability of the bearing body of the surrounding rock.



However, under the action of high stress, as the residual value of geological strength indicators decreases, the range of the fracture zone in the surrounding rock of the roadway increases, and its ability to resist disturbances weakens. Moreover, when the scope of surrounding rock fragmentation exceeds the anchor rod anchoring section, due to the lower confining pressure within the anchor rod anchoring section, the support resistance provided by the anchor rod in the fractured and low confining pressure surrounding rock is significantly reduced, further exacerbating the deformation and failure of the roadway surrounding rock.




4.2. Support Technology Combined with Multi-Stage Strengthening of Surrounding Rock


The above analysis shows that the mechanical properties of surrounding rock in fracture, plastic, and elastic zones are different, so the required supporting strength is also different. Moreover, the coupling of support and mechanical properties of surrounding rock can effectively improve the geological strength index (GSIres) residual value and reduce the disturbance degrees (Dres). It also helps to give full play to the support resistances (Pi) of the support body. Based on this, we put forward the subsection reinforcement combined support technology with “high-strength prestressed anchor bolt (cable) support as the core, deep and shallow hole grouting as the foundation, bottom angle and floor anchorage grouting reinforcement as the key,” as shown in Figure 9. The principle is as follows:




	(1)

	
Prestressed bolts, steel mesh, and shotcrete support are preferred in the initial support. Among them, the density of bolt support should not be too small, as the “pin effect” of the bolt can transform the cataclastic structure into a cohesive whole structure, significantly improving the surrounding rock’s bearing capacity. In addition, the length of the bolt should not be less than 2.6 m, which is conducive to each bolt exerting a force on the surrounding rock along the length of the bolt, forming a reinforcement zone. All the reinforcement zones are connected, forming a reinforcement ring with an arch effect inside the surrounding rock. It can not only improve its strength and have a self-supporting effect but also provide confining pressure and improve the stress environment of surrounding rock, thus limiting the tangential and radial deformation of surrounding rock.




	(2)

	
High-prestressed long anchor cable should be the primary reinforcement support. The anchorage section of the long anchor cable can extend into the deep, stable surrounding rock with high confining pressure and then transmit the load of the fracture zone to the deep, stable rock layer through suspension. In the fracture zone, the plastic softening zone and elastic zone were connected into a region that expands the bearing range of the surrounding rock and fully mobilizes the overall bearing capacity of the surrounding rock.




	(3)

	
The primary reinforcement support should be full-section multi-stage grouting. It is difficult to prevent the long-term rheology of surrounding rock only by supporting anchor rods and cables in the roadway with high stress and weak surrounding rock. The extensive development of cracks in surrounding rock provides a channel for cement grout to penetrate the surrounding rock. Low-pressure shallow hole grouting can bond and solidify the rock mass in the fractured area, forming a grouting reinforcement ring in the surrounding rock’s shallow part, effectively preventing the grout leakage. The high-pressure deep hole grouting can close the micro-cracks, and the grout diffuses in the cracks in a “network” to form a high-strength skeleton structure, improving the surrounding rock’s shear strength and integrity. At the same time, after the plastic energy of the surrounding rock is released, the key bearing area will move to the depth. The key bearing zone, strengthened by grouting, requires only a tiny compressive expansion force and supporting resistance to maintain roadway stability.




	(4)

	
A high-strength anchorage bearing arch system is formed in broken surrounding rock by high prestressed anchor bolt (anchor cable) support, graded grouting reinforcement, and concrete spray layer. However, the stability of the bearing arch also depends on the strong bottom foundation [27]. The bottom foundation is used to bear the arch leg, and the deformation and malposition of the arch leg will cause instability in the supporting system. The natural strength of floor strata is improved, and the release of horizontal stress is blocked by anchoring reinforcement of the floor and bottom angle. In addition, it can also be connected with the roof support to construct a complete bearing circle, which significantly reduces the deformation velocity of surrounding rock in the stable stage.











5. Field Test and Effect Analysis


5.1. Support Scheme


Based on the deformation characteristics of the surrounding rock of the track roadway and the above theoretical analysis, the test of the graded strengthening combined support scheme was carried out in the repair section of the roadway, as shown in Figure 10. The main supporting parameters are as follows:



(1) Shotcrete support of anchor net. The initial support adopted high-strength steel bolts with Φ 22 × 2800 mm; the interrow spacing was 700 × 700 mm; the preload was not less than 80 kN; the anchoring force was not less than 120 kN. The strength of the concrete was C25, and its thickness of injection was 100 mm; the steel mesh of 100 × 100 mm was laid.



(2) Anchor cable support. The steel strand anchor cable with a 22 × 6300 mm diameter was used to strengthen the support. The interrow distance is 1400 × 1400 mm, and the preload was not less than 140 kN. The anchorage was lengthened using three rolls of Z2865 resin coil.



(3) The deep and shallow holes were reinforced using multi-stage grouting. The reinforcement support adopts deep hole and shallow hole multi-stage grouting reinforcement; shallow hole grouting aperture was 45 mm; hole depth was 2.8 m; row distance was 1400 × 1400 mm; grouting material adopts single-liquid water–cement glass grout, grouting pressure did not exceed 2 MPa. The hole diameter of deep-hole grouting was 28 mm; the hole depth was 5 m; cement grout was used; and the grouting pressure was 3~5 MPa.



(4) Bottom angle and bottom plate anchor reinforcement. First, the bottom plate was undercover into an inverted bottom arch structure; secondly, the self-drilling hollow grouting bolt with Φ 25 mm × 3.5 m and spacing of 1000 mm was selected for the two bottom side angles. The bottom grouting bolt with Φ 25 × 2500 mm, and the spacing between rows was 1000 × 700 mm. Finally, the anchor cable bundle of Φ 17.8 mm × (8~15.5) m high-strength steel strand was applied to the bottom plate, and the spacing between rows was 2000 × 2800 mm.




5.2. FLAC3D Numerical Calculation Verification


5.2.1. Numerical Simulation Model


In order to verify the effectiveness of the combined support technology, a calculation model was established using the finite difference software FLAC3D 5.0 based on the geological conditions of the track roadway. The model size is 50 m × 30 m × 40 m along the X, Y, and Z directions. The roadway shape is a semi-circular arch section, 5.9 m wide and 4.35 m high, as shown in Figure 11. The vertical stress of 25 MPa is applied to the model’s top according to the actual in situ stress measurement results. The lateral pressure coefficient is 1.0 [20]. The boundary conditions around and at the bottom of the model are fixed, and the upper boundary conditions are free.



In order to reflect the softening characteristics of the post-peak strength, the strain–softening constitutive model is adopted in the simulation [6]. This simulation uses the Pile structural unit to simulate the anchor rod, the cable structural unit to simulate the anchor cable, and the liner structural unit to simulate the tray.




5.2.2. Simulation Result Analysis


As shown in Figure 12, the stress level within 4.3 m of both sides of the roadway under the original support is lower than the stress of the original rock. The peak stress of the surrounding rock is located at 6.4 m of the roadway side, and the stress concentration coefficient is 1.6. After multi-stage strengthening combined support, the area below the original rock stress is reduced by 64.6% compared with the original support, and the peak value of surrounding rock stress moves 2.15 m to the roadway surface. The statement suggests that the supporting scheme enhances the stress distribution in the surrounding rock, improves its overall strength, effectively prevents pressure transfer to deeper areas, and contributes to maintaining roadway stability.



The plastic failure range of the roadway is significantly reduced after combined support, as shown in Figure 13. The fracture zone range of the roadway side and roof decreased from 1.75 m to 0.63 m under the original support. In comparison, the floor also decreased from 2.87 m to 2.32 m, with a reduction in the plastic softening zone range. Additionally, there was a decrease in the “Tension” failure area on the roadway surface, indicating effective prevention of tension shear failure of surrounding rock.



From Figure 14, it is evident that the original supporting roadway has undergone significant section deformation. The roof and floor have deformed by 224 mm and 335 mm, respectively, while the two sides have deformed by 243 m. This deformation poses a severe threat to the stability of the roadway. However, after adopting combined support measures, the surrounding rock’s deformation is controlled. The top and bottom plates’ deformations are now at 143 mm and 152 mm, respectively, while that of both sides is 130 mm. Compared with the original support, they are reduced by 36.2%, 54.6%, and 46.5%, respectively. The results show that the combined support method can effectively prevent large deformations of the surrounding rock mass in soft rock.





5.3. Field Verification


No conditions were found at the site, such as broken bolts, falling off cement shotcrete layer, and apparent convergence of surrounding rock. It can be seen from the deformation and failure effect photos of roadway combined support (Figure 15).



In order to further verify the reliability of the combined support technology of the weak surrounding rock roadway in the deep well, two stations (the distance between the stations is 40 m) are arranged in the track roadway, and the surface displacement monitoring is carried out using the cross method. The monitoring results are shown in Figure 16. The overall roadway deformation is small, the maximum two-side displacement of 1# and 2# monitoring points is 38 mm, the maximum roof subsidence is 52 mm, and the maximum floor heave is 64 mm, which is respectively 12.6%, 14.1%, and 14.3% of the original support scheme. The deformation stability stage is entered after 40 d, and the deformation rate is lower than 0.2 mm/d. It is proved that a robust bearing system is formed in the roadway surrounding rock after the combined support scheme was adopted, which realizes the stable control of the roadway with weak surrounding rock in the deep well.





6. Conclusions


	(1)

	
The significant buried depth of the roadway, high ground stress, and complex geological structure significantly reduce the overall strength of surrounding rock, resulting in prominent rheological characteristics and large deformation of surrounding rock. The original supporting mode is too single; forming a high-strength and high-stiffness anchorage system between the supporting body and the surrounding rock is difficult. Meanwhile, neglecting to strengthen the weak parts of the floor also leads to the failure of the surrounding rock to form a complete bearing structure, resulting in severe damage and instability.




	(2)

	
After roadway excavation, the surrounding rock forms the bearing structure of the fractured zone, plastic softening zone, and elastic zone successively from the surface to the inside. The mechanism of significant deformation failure in high-stress soft-rock roadways is that the range of fracture zone and plastic softening zone keeps increasing. It is beneficial to restrain the transfer of surrounding rock stress to the deep and improve the bearing capacity of surrounding rock by increasing the residual value of surrounding rock geological strength index, reducing the disturbance degree of surrounding rock, and ensuring adequate support resistance.




	(3)

	
Based on the geological conditions of the track roadway, the thickness of the fractured zone and the plastic softening zone in the surrounding rock are determined to be 2.54 m and 5.23 m, respectively. On this basis, the multi-stage strengthening combined support technology of “high-strength prestressed anchor bolt (cable) support as the core, deep and shallow hole grouting as the foundation, bottom angle and floor anchorage grouting reinforcement as the key” is put forward. The mechanical mechanism of this support technology is to couple with the mechanical properties of the surrounding rock so that the anchorage system can form a complete and continuous bearing arch structure to ensure the long-term stability of the main bearing body of the surrounding rock.




	(4)

	
The numerical simulation results show that it is one of the most effective means to control surrounding rock by decreasing the bolt and cable row distance to increase the anchoring area. Compared with the original, the combined support scheme can reduce the tensile stress zone of the roadway surrounding rock and effectively prevent the deformation and failure of the surrounding rock mass. The integrity of the surrounding rock is better when the combined support scheme is adopted, and the roadway deformation is only 12.6–14.3% of that under the original support scheme. In particular, the supporting structure is fully coupled with surrounding rock, and the roadway becomes stable after only 40 days. This effectively solves the control problem of weak surrounding rock in deep wells.
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Figure 1. Research ideas of deep roadway stability analysis. 
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Figure 2. Engineering geological conditions of the main track roadway. (a) Column diagram of surrounding rock. (b) Roadway layout plan. 
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Figure 3. Deformation and failure of roadways: (a) convergence and ground heave; (b) bulging and cracking of the floor; (c) sheared bolts/cables; and (d) buckled U-shaped steel supports. 
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Figure 4. The roadway section support and its deformation. (a) Original support plan of the roadway. (b) Convergence curve of the roadway. 
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Figure 5. Zone model of failure surrounding rock in soft-rock roadway. 






Figure 5. Zone model of failure surrounding rock in soft-rock roadway.



[image: Applsci 13 09738 g005]







[image: Applsci 13 09738 g006] 





Figure 6. Influence of GSIres on stress and failure degree of roadway surrounding rock. (a) is the surrounding rock stress; (b) is the fracture zone and plastic softening zone radius. 
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Figure 7. Influence of Dres on stress and failure degree of roadway surrounding rock. (a) is the surrounding rock stress; (b) is the fracture zone and plastic softening zone radius. 
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Figure 8. Influence of Pi on stress and failure degree of roadway surrounding rock. (a) is the surrounding rock stress; (b) is the fracture zone and plastic softening zone radius. 
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Figure 9. Support technology combined with the multi-stage strengthening of the surrounding rock. 
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Figure 10. Supporting schemes of multi-stage strengthening surrounding rock; (a) Supporting parameters of anchor bolt and cable; (b) Supporting parameters of grouting and floor anchor injection. 
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Figure 11. Numerical model of the track roadway. 
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Figure 12. Stress distribution nephogram before and after the combined support: (a) original support; (b) Combined support. 
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Figure 13. Plastic zone characteristics before and after the combined support: (a) original support; (b) Combined support. 
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Figure 14. Displacement nephogram before and after the combined support: (a) original support; (b) Combined support. 
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Figure 15. Photos of roadway stability after combined support. 
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Figure 16. Monitoring curve of surrounding rock deformation of track roadway: (a) 1# monitoring curve of surrounding rock deformation of track roadway; (b) 2# monitoring section. 
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Table 1. Physical and mechanical parameters of surrounding rock [20].
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	Rock Type
	Elastic Modulus (GPa)
	Poisson Ratio
	Cohesion (MPa)
	Friction Angle (°)
	Compressive Strength (MPa)
	Tensile Strength (MPa)





	Mudstone
	8.5
	0.31
	2.58
	28.4
	33.7
	0.8



	Siltstone
	10.6
	0.26
	5.36
	35.2
	52.4
	2.9










 





Table 2. Physical parameters of surrounding rock.
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Rock Types

	
E (GPa)

	
ν

	
γ/(kN/m−3)

	
Parameters of Hoke-Brown




	
mi

	
GSIpeak

	
Dpeak






	
Mudstone

	
3.45

	
0.31

	
24.2

	
8

	
55

	
0.3




	
Siltstone

	
4.32

	
0.26

	
26.7

	
9

	
55

	
0.3











 





Table 3. Calculation results of failure zones of the main track roadway surrounding rock.
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	Zones of Surrounding Rock
	Range (m)
	Thickness (m)
	Radius (m)





	Roadway
	0~2.90
	—
	2.90



	Fracture zone
	2.90~5.44
	2.54
	5.44



	Plastic softening zone
	5.44~10.67
	5.23
	10.67
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