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Abstract

:

The stress release ratio of the surrounding rock in tunnel excavation is one of the most important indicators that affect the stress distribution and displacement of the surrounding rock. To determine the variation law of the stress release ratio of the surrounding rock during excavation in silty clay stratum, the stress release law is determined based on the convergence–confinement method (CCM) and field test data. The stress release law of the surrounding rock under support is determined based on the displacement back analysis method. The permitted displacement safety factor of silty clay under different subgrade conditions and the optimal supporting time of the initial supporting structure are determined by comparing the stress release ratio with surrounding rock displacement. The results indicated that the stress release ratio of surrounding rock in the silty clay stratum is approximately 78–90% when the coordinate displacement of the supporting structure and surrounding rock is stable under the current excavation and support conditions. For the surrounding rock of subgrade V in the silty clay stratum, the safety factor of the permitted displacement in the tunnel vault is approximately 2.91, and the initial support should be carried out within 1 m behind the face advancing. For the surrounding rock of subgrade VI1, the safety factor of the permitted displacement is 1.40, and the initial support must be carried out 1 m ahead of the tunnel face. For the surrounding rock of grade VI2, the initial support must be carried out 4 m ahead of the tunnel face.
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1. Introduction


Stability analysis of the surrounding rock is a widespread concern in tunnel excavation and often requires quantitative analysis (e.g., strength reduction method) [1] to guide construction. In practical engineering, stability analysis is usually evaluated from two aspects: the displacement of weak surrounding rock and the stress of supporting structure caused by tunnel construction. However, the existing research on supporting technology has mainly focused on the excavation of mine tunnels, especially tunnels under harsh geological conditions, such as extremely weak broken rock masses and soft soil [2,3,4], high tectonic stress, and other mine lanes [5,6,7,8]. The existing design methods of tunnel supporting structures mainly include the distributed ground pressure approach, subgrade reaction approach, and convergence–confinement method (CCM) [9]. The interaction between the surrounding rock and supporting structure has been taken into account by the convergence–confinement method [10,11,12], as well as the support time. This method has clear engineering guiding significance and is also applicable for the design of shallow tunnels [13]. Therefore, it has gradually developed into a commonly used method for tunnel structure design and tunnel excavation safety risk assessment [14,15,16].



When the CCM is used in tunnel structure design, the ground reaction curve (GRC) of the surrounding rock and the support characteristic curve (SCC) must be clearly defined. The CCM specifies the demand for support by the convergence of the surrounding rock. In addition, it can effectively reflect the constraint characteristics of the support pressure on the surrounding rock and take into account the spatial constraint of the tunnel face on the convergence of the surrounding rock. Therefore, this method has unique advantages in the evaluation of the surrounding rock stability, the optimal design of the support structure, and the selection of the support time. However, in practical engineering, there are many complicated factors affecting the convergence law of the surrounding rock, such as the original stress state of the stratum, excavation and supporting conditions, and parameters of the surrounding rock [16]. Even if all the above factors have been determined, the convergence curves of surrounding rocks obtained by different constitutive models will have large errors in the calculation process [17,18]. Therefore, it is very difficult to determine the ground reaction curve of the surrounding rock in practical engineering [19,20]. In addition, the stress of the supporting structure is closely related to the stress release law of the surrounding rock, the stiffness of the supporting structure, and the supporting time [21]. To study the stress release of the surrounding rock and the stress characteristics of the supporting structure [22] during tunnel excavation, numerical calculations [23,24,25,26] and field tests [27,28] are commonly used, and the numerical calculation model must be revised by the data of field tests before it has reference value.



The mechanical parameters of soils are significantly affected by structural disturbances, so field test has developed as an effective and commonly used research method [29]. In addition, soil mechanic parameters show great differences due to the wide range of water content distributions [30]. Studies [31] have shown that the water content can significantly change the pore structure of silty clay, and the increase in water content can make the soil structure dispersed into small structural units. The bound water membrane between soil particles can play a lubricating role, thus reducing the shear strength and bearing capacity of the soil. Therefore, silty clay stratum often leads to unreasonable adaptability of the supporting structure in the actual construction process, which makes construction management difficult. There are few studies on the stress release and displacement of the surrounding rock in the whole process of tunnel excavation in soft soil strata, so it can neither effectively predict the displacement of the surrounding rock nor obtain the displacement law of synergistic action between the surrounding rock and supporting structure. Based on the convergence–confinement method and field test of the Harbin Metro Line 1 Phase III project, the stress release law of tunnel excavation in silty clay stratum is determined, and the stress release law of surrounding rock under support is determined by the displacement back-analysis method. Then, the displacement law of the surrounding rock during the whole process of both excavation and support is clarified. Furthermore, the safety and stability of the tunnel is analysed. The safety factor of permitted displacement in silty clay stratum under different surrounding rock conditions and the optimum supporting time of the initial supporting structure are finally determined, which is of great guiding significance for the design and construction for similar projects.




2. Engineering Survey


The construction of the Harbin urban rail transit project is mainly distributed in silty clay stratum. Additionally, phase III of Harbin Metro Line #1 is located in the Gangfu plain area of Harbin. The stratum is mainly composed of silty clay in hard plastic and plastic states, while in some areas, it is in a soft plastic state due to pipeline leakage or upper water stagnation. The tunnel burial depth is approximately 15−20 m, and the thickness of frozen soil is approximately 2 m in Harbin, therefore the effect of freeze–thaw action is ignored. In this project, the bench method was adopted in the construction of the interval tunnel, and the core soil was reserved for the stability of the tunnel face. The initial supporting structure consists of a steel grid, steel mesh, and spray concrete. The steel grid is 22 mm in diameter of the main bar and 0.75 m in spacing. The steel meshes are 8 mm in diameter and 200 mm in spacing for both longitudinal and axial directions. The spray concrete has a thickness of 250 mm, and the early uniaxial compression strength is 25 MPa. After the completion of the tunnel excavation, the steel grid will be erected, and the steel mesh piece should be laid. The tunnel excavation profile is above the groundwater level, which means that the influence of groundwater may not be considered. However, in contrast, the water content of silty clay has a great influence on its mechanical properties [32,33,34]. Therefore, the displacement of the surrounding rock and the stability of the tunnel during tunnel excavation are quite different under different water content conditions. The existing supporting structure design has difficulty satisfying the stability requirements of silty clay surrounding rock under different water content conditions. Figure 1a–c shows the construction status of silty clay tunnels under different water contents using the existing excavation and support scheme. When the water content is low, the silty clay shows a hard plastic state. It has a good self-stabilization ability after the tunnel face is exposed (see Figure 1a). However, as the water content increases, there will be obvious block spalling in the unsupported section after tunnel excavation (see Figure 1b), and the convergence deformation of the surrounding rock will also increase significantly, even causing ground subsidence (see Figure 1c).



To clarify the difference in mechanical properties in silty clay strata under different water contents and optimize the support scheme, silty clay is subdivided according to gradation and liquid index, combined with laboratory test and geological survey data [35,36,37]. The classification criteria are shown in Table 1. On this basis, the stress release and displacement law of the surrounding rock in the silty clay stratum during excavation are further clarified based on a field test, and the stress law of the initial lining structure is obtained. In the construction section, some standard sections are selected to carry out field tests and monitor the settlement of the vault roof in the process of tunnel excavation and support. In addition, the earth pressure box and the steel bar axis stress meter are embedded to monitor the pressure between the initial lining structure and the surrounding rock and the internal force of the steel grid, respectively. To ensure the accuracy of the monitoring data, rigid pallets are installed on both sides of the pressure box to make it fit the surrounding rock closely and eliminate the influence of stiffness differences between different media. The stress meter is connected at the design position of the steel grid by overlap welding. Once the instruments were installed, the initial measured values were collected immediately. The installation of the instrument and the actual effect are shown in Figure 2a,b.




3. Determination of the Key Curves of CCM


3.1. Ground Reaction Curve


The convergence-confinement method is used to analyse the safety and stability of the surrounding rock and supporting structure during tunnel excavation and support. In actual construction, the rheological characteristics of the surrounding rock are not considered. The supporting structure is assumed to be homogeneous linear elastic body, and the soil is assumed to be an ideal elastoplastic material satisfying the Mohr-Coulomb yield criterion. The process of tunnel excavation and support is simulated based on the plane strain model [38]. The self-weight of the computing medium is neglected. The restraint effect of the tunnel face and surrounding rock during the excavation is analysed by the virtual support force [39] acting on the model.



In actual engineering, the tunnel section is generally a multicentered circular section, which is equivalently solved by a virtual circle with equal area [40]. The shape influence coefficient k is introduced to correct the virtual circle´s radius. The corrected virtual circle´s radius rl is defined as the “equivalent radius”, which can be expressed as follows:


   r l  = k ×    (  S / π  )     1 2     



(1)




where k is the correction coefficient of the section shape. The correction coefficient of arch cavern is taken as 1.1. S is the excavation area of the tunnel section.



Using the virtual supporting force method [39], the initial displacement of stratum before excavation can be expressed as:


   U 0  =    ( 1 +   μ s   ) ( 1 - 2   μ s  )  r l   P 0     E s     



(2)







Assuming that the surrounding rock has reached the plastic state through stress redistribution and the plastic equilibrium state has been obtained, the radius of the plastic zone can be expressed as:


   r p  =  r l     [    2  P 0  − 2  σ c  /  (  1 − ξ  )     (   P i  +  σ c  /  (  ξ − 1  )   )   (  ξ + 1  )     ]     1  ξ − 1      



(3)







The displacement of the surrounding rock within the plastic circle can be expressed as [41]:


   U P  =   1 +  μ s     E s     [   P 0  +    σ c    ξ − 1   −  (     σ c    ξ − 1   +  P i   )     (     r p     r l     )    ξ − 1    ]     r p    2     r l     



(4)







The displacement of the surrounding rock in the elastic zone can be expressed as [41]:


   U e  =   1 +  μ s     E s     P 0   [   (  1 − 2  μ s   )  r +    r p    2     r l     ]  −   1 +  μ s     E s     σ  R 0      r p    2     r l     



(5)




where P0 is the original in-situ stress. Pi is the virtual supporting force produced by the restraint effect of the tunnel face and surrounding rock. Es, cs, φs, and μs represent Young’s modulus, cohesion, internal friction angle and Poisson’s ratio of the surrounding rock, respectively. σR0 is the stress in the outer boundary of the plastic circle, and r is the distance from the surrounding rock to the tunnel axis.    σ c  =   2  c s  cos  φ s   /  1 − sin  φ s     ,   ξ =    (  1 + sin  φ s   )   /   (  1 − sin  φ s   )     . Then, the convergence displacement of the surrounding rock after excavation can be expressed as:


  U =  U e  +  U P  −  U 0   



(6)







In the elastoplastic analysis of the surrounding rock stress distribution, the virtual supporting force Pi imposed on the excavation boundary is a function of the surrounding rock stress release ratio with respect to time. According to previous research [42,43], the variation in the stress release of the surrounding rock in tunnel excavation with time can be expressed as:


  β  = 1 −  0.7  e  −   3.15 v   2  r l    t    



(7)







Then, the stress of the unreleased part bearing by the surrounding rock itself can be expressed as:


   P i  =  P 0   (  1 − β  )  = 0.7  e  −   3.15 v   2  r l    t    P 0   



(8)




where P0 is the original in-situ stress. T is the excavation time and takes the moment of excavation of the tunnel face as the time zero point. V is the average advance speed of tunnel face, and rl is the equivalent radius of the tunnel.



As the tunnel face advanced, the restraint effect of the tunnel face on the surrounding rock decreased. This means that the virtual support force Pi keeps decreasing, and the stress release rate of the surrounding rock gradually increases. When different supporting times are selected to install the initial supporting structure, different supporting loads will be obtained. Then, the supporting load Pl is used to replace the virtual supporting force. The relationship between the supporting load Pl and the displacement of the tunnel can be obtained by simultaneously solving Equations (6) and (8) using the parameters from Table 1, which means the ground reaction curve (GRC) of the surrounding rock (Figure 3).



It should be noted that the rock mass in the loosening zone will collapse by gravity if the supporting structure is set too late. To determine the minimum supporting force Plmin provided by the supporting structure and the maximum radius rpmax of the permissible plastic zone, the resistance required to maintain the balance of the slip body in loosening zone is taken as the minimum support resistance in the limit equilibrium state. The soil cohesion is taken as 70% of the original parameter when calculating the maximum radius of the plastic circle [44]:


   P  l min   =    γ s   r l   (     r  pmax      r l    − 1  )   2   



(9)






   r  pmax   =  r l     [     (   P 0  +  c s  cot  φ s   )   (  1 − sin  φ s   )     (   P  l min   +  c s  cot  φ s   )   (  1 + sin  φ s   )     ]      1 − sin  φ s     2 sin   φ s       



(10)







According to Equations (9) and (10), the maximum radius of the safe plastic circle and the minimum support pressure provided by the supporting structure can be determined using the Newton iteration method (Figure 3). At the same time, the selection of the supporting time should not only ensure that the support resistance is greater than the minimum support force, but also ensure that the displacement of the surrounding rock meets the requirements of the industry standard [45].




3.2. Longitudinal Displacement Profile


Previous research [46] has shown that the longitudinal displacement profile (LDP) of tunnels presents the trend of a hyperbolic tangent function. It is assumed that the relationship between the longitudinal displacement value and the advancing distance of the tunnel face during tunnel excavation satisfies the following equation:


  S  ( t )  =    S 0   2   [   tan h     a 1   (  x −  b 1   )   D  + 1  ]   



(11)




where S(t) is the longitudinal displacement value at different times during tunnel excavation (m). x is the tunnel face advancing distance (m). D is the tunnel diameter (m). S0 is the final displacement of the tunnel (m). a1 and b1 are fitting parameters.



According to Equations (6) and (8), the law of surrounding rock convergence with time after tunnel excavation can be easily obtained. Combined with the advancing speed of the tunnel face in practical engineering, Equation (11) is used as a custom function in MATLAB’s Curve Fitting Toolbox to fit the actual longitudinal displacement profile (LDP) during tunnel excavation in silty clay stratum under different subgrade conditions. The fitting parameters are shown in Table 2.



When the initial lining structure is applied, the surrounding rock further releases stress under coordinated action with the lining structure. With the passage of time, the rate of stress release decreases and finally tends to a stable value, which is related to the parameters of the surrounding rock, the time of lining construction, and the stiffness of the lining structure. In practical engineering, the monitoring points of vault settlement are laid at the same time as the initial lining structure. However, the initial data are usually collected within one to three days after the supporting structure is set up due to the limitation of operation space. The stiffness of the spray concrete support is small in the initial stage of lining construction, and the convergence displacement of the surrounding rock develops further. Therefore, it is necessary to analyse the convergence displacement law of the surrounding rock. In practical engineering, the advancing speed of the tunnel face is 3 m/d, and the setting time of the lining structure is taken as time zero t0. The vault settlement data from the field test section are regressed and analysed, which can be expressed as follows:


   S 1  =    S L   2   [   tan h     a 2   (  3  t 1  −  b 2   )   D  + 1  ]   



(12)




where t1 is the initial time for monitoring the vault settlement. S1 is the corresponding coordinated displacement under support. SL is the final longitudinal displacement of the surrounding rock under lining construction.



Based on the above assumptions, the field-measured vault settlement data are analysed using Curve Fitting Toolbox in MATLAB, and the fitting formula is as follows:


   S L   =  1 2   {   S l   +    (   S l   +  S 1    )   2   [   tan h     a 2   (  3  t 1   +  b 2   )   D  + 1  ]   }   [   tan h     a 2   (  3 t +  b 2   )   D  + 1  ]  −  S 1    



(13)




where SL is the fitted value of the crown settlement from the test section under support. Sl is the final value of the crown settlement measured in the test section. S1 is the settlement value of the monitoring section when the initial value is taken after supporting. t1 is the time when the settlement data are collected first from the test section. t is the advancing time of the tunnel. In addition, a2 and b2 are the fitting parameters. The field-measured data are fitted and shown in Table 3.



Table 3 shows that the law of convergence displacement of the surrounding rock under lining construction can be expressed as:


  S  ( t )  =    S L   2   [   tan h    0.1658  (  3 t − 5.931  )   D  + 1  ]   



(14)




where SL is the final total value (m) of the vault displacement under lining construction. The average value (1.5383 × 10−2 m) is adopted in the calculation.



It is easy to know from Equation (14) that the rate of vault displacement is the largest when the tunnel face is pushed approximately 5.931 m after the supporting structure is completed. The reason is that when the tunnel face is moved approximately one time ahead of the tunnel diameter, the restraint effect of the tunnel face on the surrounding rock basically disappears, and the stiffness of the supporting structure has not yet met the design requirements. At the same time, the gap between the initial lining structure and surrounding rock has not been fully filled.



Under the combined support of the steel grid and spray concrete, the stiffness of the supporting structure increases with time, which means that the rate of stress release of the surrounding rock gradually decreases and eventually tends to a stable value. According to the field monitoring data (Table 4), the stress release ratio of the surrounding rock is between 78% and 90% after the coordinated displacement between the surrounding rock and supporting structure tends to be stable. The average value of the field measured data is taken in the calculation process, which means that the stress release ratio of the surrounding rock in the silty clay stratum is 85% under the above working and supporting conditions. According to the actual situation on site, the supporting structure was applied within 0.2~0.5 d after excavation. The stress release of the surrounding rock will occur due to the displacement. Therefore, there is a relationship between the convergence displacement of surrounding rock (including the preexcavation displacement ui, the presupporting displacement u1 and the displacement SL under support construction) and the stress release ratio β, which can be expressed by the fitting formula as:


  β = 1.12 −   0.01798    u i  +  u 1  + S  ( t )     



(15)




where u1 is the convergence displacement when the supporting structure has not yet played its role, which can be determined by Equation (11).



Combined with Equations (14) and (15), the stress release ratio of the surrounding rock under supporting construction can be expressed as:


  β =  β  max   −  (   β  max   −  β  t 0    )   e  − 0.3 t    



(16)




where βmax is the maximum stress release ratio of the surrounding rock. βt0 is the stress release ratio when the supporting structure starts to play its supporting role. t is the time of the supporting structure acting.



Combined with Equations (6), (8) and (16), the longitudinal displacement profile of the tunnel under the supporting structure can be further determined (Figure 4).



Figure 4 shows that the longitudinal displacement profile of the surrounding rock during the whole period of tunnel excavation can be determined based on the time of supporting structure construction. Because of the supporting structure, the surrounding rock is in the three-dimensional stress state. The larger the stress release ratio of the surrounding rock is, the larger the convergence displacement of the tunnel is. Therefore, the optimum supporting time has a significant impact on the safety and economy of tunnel construction. The comparison of vault settlement obtained by theoretical calculation and field monitoring is made in Figure 5a,b, corresponding to certain excavation times. The initial data acquisition of the two actual monitoring sections in Figure 5a starts from the first day after support construction, while the two sections in Figure 5b start from the third day after support construction. There are obvious fluctuations in the measured data, mainly considering the influence of different support stages, especially the Advanced support on the vault settlement. The stress release of the surrounding rock reflected by vault settlement is an irreversible process, therefore the settlement should be monotonically increasing from a theoretical point of view. The trends of the measured data in Figure 5 show a good agreement with the theoretical calculation results, ignoring the data fluctuations caused by measurement errors and support effects in the measured data.




3.3. Support Characteristic Curve


The imposition of the support structure can restrain the development of stress release and deformation of the surrounding rock, accelerating the convergence of the surrounding rock deformation. Therefore, CCM can be used to study whether the strength of the support structure meets the requirements and clarify the support time. In this project, the combined support of steel grid and spray concrete is adopted as the initial supporting structure, and different support forms are treated as support members with uniform thickness by the cross-section equivalent method [47]. The cross-section equivalent sketches are shown in Figure 6a,b.



The equivalent Young’s modulus Eeq and equivalent thickness teq of the supporting structure are calculated as:


   E  eq   =    (   D 1  +  D 2   )    b  t  e q      



(17)






   t  eq   =   12    K 1  +  K 2     D 1  +  D 2       



(18)




where D and K are the compressive stiffness and flexural rigidity of a single support member, respectively, which can be expressed as:


  D = E A /  (  1 −  μ 2   )   



(19)






  K = E I /  (  1 −  μ 2   )   



(20)




where E and μ are the Young’s modulus and the Poisson ratio of the supporting material, respectively. I is the moment of inertia of the supporting member. A is the section area.



According to the study of Guan [48], in a support system with thickness t, the stiffness Leq, displacement ul and maximum support force Pmax of the supporting structure can be expressed as:


   L  eq   =    E  eq      r l     (  1 + μ  )          r l    2  −    (   r l  −  t  eq    )   2     (  1 − 2 μ  )   r l    2  +    (   r l  −  t  eq    )   2     



(21)






   u l  =    P l   r l     L  eq      



(22)




where    r l    is the equivalent radius of the lining structure.    u l    is the radial deformation of the lining structure.


   P  max   =    σ s    ′   2   [  1 −    r l    2       (   r l  +  t  eq    )   2     ]   



(23)







For the steel grid supporting structure,    σ s    ′    is the equivalent yield stress of the equivalent rectangular section, which can be calculated as:


   σ s    ′  =    σ s   A s    b  t  e q      



(24)




where    σ s    is the yield stress of the main bar of the steel grid. As is the section area of the steel grid. b is the spacing of the steel grid supporting structure. For the calculation of support characteristic curve of the combined supporting structure, the calculation parameters can be replaced by the equivalent parameters of the combined support. The maximum supporting force P12max of the combined support system can be expressed as:


   P   12 max    = min  [     (   K 1  +  K 2   )   P  1 max      K 1    ,    (   K 1  +  K 2   )   P  2 max      K 2     ]   



(25)







The supporting structure in this project is designed as a combination of a steel grid and spray concrete. It is considered that the surrounding rock is mainly supported by the steel grid in the earlier stage of support construction during the calculation and analysis of the support characteristic curve. Then, the spray concrete and the steel grid play a role together in the later stage [6]. According to the supporting parameters (Table 5), the supporting effect of a single support with a steel grid and a combined support with a steel grid and spray concrete can be calculated separately (Table 6). The calculation formula of the support characteristic curves can be expressed as follows:



	(a)

	
Steel grille acts as support alone:


   u l 1  =    P l 1   r l     L l 1     



(26)








	(b)

	
Steel grid and spray concrete are combined to support:


   u l  12   =  u l  1 max   +    (   P l  12   −  P l  1 max    )   r l     L l  12      



(27)











According to previous research [47], the axial stress of the steel grid in the combined support system can be expressed as follows:


  σ =   2  P l   r l   D 1     A s   (   D 1  +  D 2   )     



(28)







The average value of the measured supporting force from the test section ④ was adopted to calculate the axial stress of the steel grid using Equation (28). The calculation results are compared with the measured axial stress of the steel grid (Figure 7). It can be seen from Figure 7 that the axial stress of the steel grid tends to be stable approximately 15 days after support construction, which is basically consistent with the calculated value. However, the calculated value of the grid axial stress is slightly less than the measured value. The theoretical calculation results were the support structure axial force back-calculated using the surrounding pressure. The equivalent treatment of the loads and the equivalent treatment on the support structure geometry were carried out in the calculation process. Therefore, it is reasonable that the calculated value is less than the measured results. The average difference between the calculation results and the measured results is only 28%, so the guiding significance of the computational model in engineering is obvious.



As a useful and effective analytical method, CCM has the advantage of analysing the mechanical behavior of the surrounding rock and the ground–support interactions during tunneling in a comprehensive manner [49]. Figure 8 shows the graphic interpretation of the CCM for subgrade V in silty clay stratum according to the analysis above. For the silty clay of subgrade V, the support scheme and structure adopted can effectively restrain the deformation of the surrounding rock. Under the action of the support structure, the deformation of the surrounding rock can converge more quickly, and the overall deformation of the support structure is approximately 18.45 mm, which is less than the permitted deformation of the support structure, 25.63 mm (Table 6). In addition, the surrounding rock pressure borne by the support structure is approximately 0.1 MPa, which is far less than the maximum bearing capacity of the supporting structure, 1.897 MPa (Table 6). It should be noted that the initial support construction is generally completed in time to ensure the stability of the surrounding rock after tunnel face excavation in soil tunnels. However, it can be seen that the support scheme currently adopted for subgrade V in silty clay stratum has a large safety space. From the perspective of economic cost, when intersection point M of the GRC and SCC is closer to point Plmin, the cost of artificial supports, including the cost of materials and installation, will be significantly reduced. Therefore, it is necessary to quantitatively assess the safety of the surrounding rock and further analyse the stability of subgrades VI1 and VI2 under current construction conditions.





4. Support Scheme Design


4.1. Safety Factor of the Permitted Displacement


The safety factor of the surrounding rock deformation during construction is analysed, and then the optimization of the supporting time is analysed according to the surrounding rock stress release. The deformation and stress release ratio of the surrounding rock must not be too large before the initial support really works. The initial supporting structure is required to bear all the loads during the construction stage. The secondary lining structure is used as a safety reserve for additional loads, which are caused by initial support degradation, formation creep, earthquakes, and so on. Moreover, the application of the supporting structure must be able to effectively control the deterioration of the surrounding rock displacement so that the displacement of the surrounding rock is within a reasonable range. The permitted displacement safety factor of the surrounding rock under the supporting structure acting is defined as [50]:


   F s  =    u  max   −  u  in      u  eq   −  u  in      



(29)




where Fs is the safety factor of the permitted displacement. umax is the cumulative maximum permitted displacement of the surrounding rock. uin is the previous displacement of the surrounding rock before support construction. ueq is the total displacement of the surrounding rock, which finally tends to be stable under the action of the supporting structure. The safety factor of the permitted displacement must be greater than 1.5 to ensure the safety of tunnel construction.



The convergence displacement of the tunnel during the excavation process without support in the silty clay stratum under different subgrade in the silty clay stratum is shown in Figure 9. The safety factor of permitted displacement under the above excavation, and the support scheme is further calculated and analysed (Table 7).



Table 7 shows that the safety factor of permitted displacement can reach 2.91 in the construction of grade V surrounding rock in silty clay stratum under the current excavation and support scheme, which means that there is sufficient self-stabilizing capacity for the surrounding rock to ensure the construction of the initial support. However, the safety factor of permitted displacement is 1.40 in the construction of the surrounding rock of subgrade VI1 in silty clay stratum. This means that the surrounding rock in this kind of stratum does not have enough self-stabilizing capacity to guarantee the initial support construction. Under the premise that the supporting stiffness meets the requirements (Table 6), it is suggested to adopt auxiliary construction methods such as advanced small conduit support to ensure construction safety and quality. For the surrounding rock of subgrade VI2 in the silty clay stratum, the surrounding rock has produced convergent displacement exceeding the normal value [45] before the tunnel face excavation. Therefore, it is necessary to reinforce the surrounding rock before excavation, and deep hole grouting reinforcement or the auxiliary construction of advanced pipe shed can be considered. In addition to reinforcing the strata to improve the self-stabilizing capacity of the surrounding rock, advanced support can also transfer the ground pressure in front of the tunnel face to the initial support structure (e.g., advanced small conduit, advanced pipe shed). Advanced support can not only restrain the surrounding rock deformation, but also further improve the utilization rate of the initial support [35]. In this way, it can effectively restrain the excessive deformation of the surrounding rock and help the self-stabilization of the surrounding rock in the early stage of tunnel face excavation, while gaining time for the initial support construction. However, the selection of specific advanced support schemes and timing needs further study.




4.2. Optimization of Supporting Time


Once the safety factor of the permitted displacement is clarified, auxiliary support solutions for different subgrade strata need to be further defined when the self-stabilizing capacity of the surrounding rock cannot meet the construction requirements. The surrounding rock displacement under different subgrades in the process of stress release is studied to further clarify the safety requirements of the initial support in silty clay strata, and the optimal time of initial support can be determined. Taking a point at the vault as the research object, the displacement of the vault with the release of the surrounding rock load is recorded as shown in Figure 10.



It can be seen that the surrounding rock displacement varies greatly with stress release in the silty clay stratum under different subgrade conditions. The increment of surrounding rock displacement increases as the stress release ratio increases during tunnel excavation under different subgrade conditions. Under the current excavation and supporting conditions, the silty clay surrounding rock of grade V has good lithology. When the stress release ratio is less than 60%, the displacement of the surrounding rock should increase linearly. When the subgrade of the surrounding rock is subgrade VI1, the displacement should increase linearly before the stress release ratio is less than 30%, and then the displacement increases sharply. For the surrounding rock of subgrade VI2 in the silty clay stratum, it is noteworthy that the displacement increases sharply after the load release ratio exceeds 10%. The critical load release ratio βs of the surrounding rock under subgrades V, VI1, and VI2 is 60%, 30%, and 10%, respectively.



The development of the surrounding rock deformation corresponding to the change in the stress release rate is the inherent expression of the surrounding rock self-stabilizing capacity. The values of the critical stress release ratio are substituted into Equation (8), and the displacement corresponding to the proposed supporting time is 37.17 mm, 23.43 mm, and 10.39 mm under the surrounding rock conditions of subgrade V, VI1, and VI2, respectively. Then, the critical displacement values are substituted into Equation. (11), and the corresponding tunnel face propulsion distances x of the optimal supporting time are 1.03 m, −1.09 m, and −4.18 m, respectively. This means that the self-stabilization requirements of the surrounding rocks can be met within 1 m after the tunnel excavation face for the silty clay stratum of subgrade V. The self-stabilization time of the surrounding rock is 8.24 h according to the advancing speed (3 m/d) adopted in the current project. Therefore, the existing design schemes for initial support can meet the stability requirements of the surrounding rock in subgrade V. However, for the surrounding rock of subgrade VI1, the range of advancing support is approximately 1 m ahead of the tunnel face. Advanced small conduit support can be considered in practical engineering. For the surrounding rock of subgrade VI2, the range of advancing support should be approximately 4 m ahead of the tunnel face. It is suggested to adopt an advanced pipe shed or deep hole grouting reinforcement in front of the tunnel face.





5. Discussion


This study attempts to clarify the deformation evolution law of tunnel surrounding rock from the perspective of stress release. However, the concept of stress release is based on many assumptions [22,23,24,25,26], and there are difficulties in monitoring the stress release process. Therefore, it is a feasible research method to invert the stress release law by the deformation of the surrounding rock. Based on the measured data of vault settlement at the construction site, the restraining effect of the support structure on stress release is deduced, and then the stress release law and convergence displacement of the surrounding rock under the action of the support are obtained. Combined with the GRC, the LDP and the SCC, the convergence displacement of the surrounding rock under different support schemes can be predicted, and the rationality of the support scheme can be effectively evaluated. Based on the effect of the stress release ratio on the deformation increment of the surrounding rock, the optimal timing of support can be determined effectively.



It should be noted that the method proposed in this paper relies on field measurement data, and the validity and completeness of the measured data have a large impact on the analysis results. Fortunately, the role played by monitoring and measurement in the tunnel construction process is increasing and gradually developing towards intelligence. This means more efficient access to monitoring data in engineering, a larger volume of data, and more monitoring data will be available to participate in the analysis process. The focus on monitoring and measurement will have a good promotion effect on the development and application of this method and will further promote the sustainable development of monitoring and measurement technology in tunnel construction.




6. Conclusions


Based on the phase III project of Harbin Metro Line #1, the convergence–confinement method is used to analyse the safety of tunnels during excavation and support under different subgrade surrounding rock conditions in silty clay strata. The major results obtained are as follows:




	(1)

	
The stress release ratio of the surrounding rock in the silty clay stratum is approximately 78–90% when the supporting structure and surrounding rock displacement are coordinated and stable under the current excavation and support conditions. The surrounding rock displacement began at one time diameter of the tunnel in front of the tunnel face. Under the condition of subgrade V in the silty clay stratum, the displacement before installing the supporting structure is approximately 33.28 mm, which belongs to the nonmonitorable portion, accounting for 64% of the total displacement of the surrounding rock. After installation of the supporting structure, the coordinated displacement is approximately 18.45 mm, which belongs to the monitorable portion, accounting for 36% of the total displacement.




	(2)

	
Based on the convergence–confinement method, the longitudinal displacement law of silty clay under different subgrade conditions is determined by the hyperbolic tangent function. Then, the stress release law and displacement law of the surrounding rock under support are further determined. In the existing supporting design, the permitted displacement is 16.31 mm, and the maximum supporting force is 0.221 MPa when the steel grid support alone. The permitted displacement is 25.63 mm, and the maximum supporting force is 1.897 MPa for the combined support of the steel grid and spray concrete.




	(3)

	
For the condition of subgrade V in a silty clay stratum, the safety factor of the permitted displacement is approximately 2.91, which can ensure tunneling stability. It is suggested that initial support should be carried out within 1 m after face advancement. For the surrounding rock of subgrade VI1, the safety factor of the permitted displacement is 1.40. The initial support must be carried out 1 m ahead of the tunnel face. Therefore, it is suggested to adopt advanced small conduits to ensure the safety and quality of construction. For the condition of subgrade VI2, the surrounding rock must be supported 4 m ahead of the tunnel face, and the advanced pipe shed or deep hole grouting reinforcement can be considered. The treatment effect of the relevant schemes still needs to be further studied.
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Figure 1. Response of surrounding rock during excavation in silty clay stratum under different water content: (a) self-stability of surrounding rock (w = 22%); (b) large displacement and soil block collapse in vault (w = 26%); (c) instability of tunnel face and ground surface subsidence (w = 32%). 
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Figure 2. Instructions of instruments installation: (a) arrangement sketch; (b) actual installation effect. 






Figure 2. Instructions of instruments installation: (a) arrangement sketch; (b) actual installation effect.



[image: Sustainability 15 02386 g002]







[image: Sustainability 15 02386 g003 550] 





Figure 3. The Ground Reaction Curve in silty clay stratum of different subgrade. 
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Figure 4. Longitudinal displacement profile of tunnel crown (silty clay of subgrade V). 
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Figure 5. Comparison and analysis of the settlement curve of tunnel crown: (a) with field measured sections ① and ②; (b) with field measured sections ③ and ④. 
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Figure 6. Sketches of equivalent representation: (a) steel grid acts as support alone; (b) steel grid and spray concrete are combined to support. 
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Figure 7. Stress contrast diagram of steel grid. 
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Figure 8. Graphic interpretation of the CCM for subgrade V in silty clay stratum. 
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Figure 9. Longitudinal displacement profile in ilty clay stratum under different subgrade conditions. 
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Figure 10. Displacement increment and stress release ratio of surrounding rock. 
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Table 1. Parameters of Silty Clay in Different Subgrade.
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Parameters

	
Void Ratio, e

	
Density, G (cm3)

	
Water Content, w (%)

	
Plastic Limit, wP (%)

	
Liquid Index, IL

	
Cohesion, cs (kPa)

	
Friction Angle, φs (°)

	
Poisson’s Ratio, μs

	
Young Modulus, Es (MPa)




	
Subgrade

	






	
V

	
0.6–0.7

	
1.95

	
21–24

	
18.5–22.4

	
0.05–0.25

	
40

	
20

	
0.33–0.35

	
80




	
VI1

	
0.7–0.8

	
1.90

	
24–29

	
0.25–0.75

	
25

	
19

	
0.35–0.38

	
50




	
VI2

	
0.8–0.9

	
1.85

	
30–34

	
0.75–1

	
20

	
18

	
0.38–0.43

	
30
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Table 2. Fitting Parameters of Longitudinal Displacement Profile.
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	Subgrade
	a1
	b1
	S0 (m)
	SSE
	R2





	V
	1.720
	3.028
	0.136
	1.53 × 10−6
	0.9999



	VI1
	1.983
	4.708
	0.832
	0.0045
	0.9993



	VI2
	2.118
	5.448
	5.543
	0.3667
	0.9990
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Table 3. Fitting Analysis of Field Measured Data.
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	Section Number
	Initial Measurement Time,     t 1 i     (d)
	Measured Final Value,     S l i     (mm)
	a2
	b2
	    S 1 i    

(mm)
	    S L i    

(mm)
	SSE
	R2





	①
	1
	6.565
	0.1701
	–6.794
	9.581
	16.146
	7.88 × 10−6
	0.9362



	②
	1
	6.225
	0.2118
	–9.956
	8.972
	15.197
	2.52 × 10−5
	0.8353



	③
	3
	6.352
	0.1781
	–1.069
	8.762
	15.114
	9.27 × 10−6
	0.8841



	④
	3
	6.671
	0.1954
	–2.123
	9.461
	16.132
	5.07 × 10−6
	0.9377



	⑤
	3
	5.553
	0.1613
	–5.499
	9.854
	15.407
	5.52 × 10−6
	0.9099



	⑥
	1
	6.567
	0.1029
	–6.732
	8.673
	15.240
	8.58 × 10−6
	0.8952



	⑦
	2
	5.547
	0.1519
	–7.291
	8.965
	14.512
	4.86 × 10−5
	0.8136



	⑧
	2
	6.894
	0.1551
	–7.982
	8.423
	15.317
	8.95 × 10−5
	0.8566



	Average value
	-
	6.297
	0.1658
	–5.931
	9.086
	15.383
	-
	-
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Table 4. Monitoring Value of Earth Pressure on the Test Section.
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	Section Number
	Position 1#
	Position 2#
	Position 3#
	Position 4#
	Position 5#
	Average Value





	①
	0.035
	0.036
	0.089
	0.034
	0.074
	0.0536



	②
	0.063
	0.066
	0.113
	0.161
	0.108
	0.1022



	③
	0.044
	0.129
	0.212
	0.073
	0.076
	0.1068



	④
	0.108
	0.133
	0.09
	0.094
	0.072
	0.0994



	⑤
	0.103
	0.021
	0.05
	0.104
	0.095
	0.0746



	⑥
	0.028
	0.084
	0.065
	0.027
	0.026
	0.046



	⑦
	0.086
	0.066
	0.077
	0.022
	0.028
	0.0558



	⑧
	0.029
	0.062
	0.047
	0.074
	0.034
	0.0492







# The unit of data in the table is MPa.
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Table 5. Supporting Structure Parameters.
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Steel Grid

	
Spray Concrete




	
Eseq/GPa

	
As/cm2

	
Is/m4

	
σs′/MPa

	
tseq/m

	
Ec/GPa

	
μc

	
tc/cm

	
Leqc/(GPa)

	
Pmc/MPa






	
1.52

	
15

	
9.78 × 10−6

	
2.92

	
0.28

	
20

	
0.2

	
25

	
0.52

	
1.85
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Table 6. Calculated Results of Steel Grid and Steel Grid-spray Concrete.
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	Support Form
	Support Stiffness (GPa)
	Permitted Displacement (mm)
	Maximum Support Force (MPa)





	Steel grid
	0.0440
	16.31
	0.221



	Steel grid-spray concrete
	0.5845
	25.63
	1.897
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Table 7. Safety factor of permitted displacement.
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	Subgrade
	umax (mm)
	uin (mm)
	ueq (mm)
	Fs





	V
	87
	33.28
	51.73
	2.91



	VI1
	100 *
	74.14
	92.59
	1.40



	VI2
	100 *
	271.60
	290.05
	<1







* 100: Data from the existing standard [45].
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