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Abstract

:

Based on practical engineering, considering the characteristics of unsymmetrical loading, shallow burying, and weak surrounding rock of the tunnel, MIDAS finite element software is adopted to analyze the influence effect and deformation characteristics of a temporary steel support when the tunnel is excavated by a two-step center diaphragm method (CDM). The simulation results are compared with the field monitoring results. It can be seen that: (1) Affected by the unsymmetrical loading, the settlement of the right spandrel of the tunnel is obvious. The existence of a temporary steel support reduces the settlement of the surrounding rock at the spandrel greatly, making the distribution of principal stress at the spandrel more reasonable. (2) The deformation of the temporary steel support at the upper bench undergoes four stages: convergence, expansion, convergence, and stabilization; and the deformation at the lower bench undergoes five stages: convergence, expansion, convergence, expansion, and stabilization. (3) There is an obvious “bench-type” phenomenon in the principal stress change of the temporary steel support. The analysis results provide a scientific basis and technical guidance for the construction optimization of unsymmetrical loading tunnels using the same support technology.
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1. Introduction


During the excavation of a shallow subway tunnel in upper-soft and lower-hard strata, the overlying strata are prone to excessive settlement or even collapse [1,2,3,4]. To ensure the safety and stability of the tunnel excavation process, the pipe roof [5,6,7] is often used for pre-reinforcement in advance. In this case, the center diaphragm method (CDM) [8,9,10,11], the center cross diaphragm method (CRDM) [12,13,14,15], or a combination of these two methods are used to excavate the tunnel. The CDM is to reserve steel wall support in the middle of the tunnel, while CRDM is to set horizontal lateral support at a certain height of the tunnel. Over the years, domestic and foreign experts in the field of tunnel engineering have carried out a lot of research on temporary support in three aspects: field monitoring [16,17], numerical simulation [18,19], and model testing [20,21].



For example, UH Khan et al. [22] simulated the deformation characteristics of steel arches under different loads and constraints by using the finite element program STAR, which found its strength and stiffness were affected by the roof of the support. Yanbin Luo et al. [23] measured the tunnel crown settlement and horizontal convergence during CRDM excavation and proposed a mechanical model of a temporary support sidewall under the action of surrounding rock horizontal pressure and upper structure loads. Jinxing Lai et al. [24] adopted the method of engineering examples and field monitoring to analyze the mechanical deformation behavior of the middle wall during the excavation of the multi-arch tunnel, which shows that the bottom of the middle wall bears a large horizontal tensile stress. Yingqi Liu et al. [25] obtained the displacement change law of the arch composite rigid primary lining through field monitoring. Haidong Gao et al. [26] obtained the mechanical response and deformation law of the tunnel middle wall through the analysis of large, ultra-shallowly buried double-arch tunnels. At the same time, they compared the performance of the CDM and double side heading method (DSHM) in optimizing the deformation and stress state of the middle wall. Zhongwei Wang et al. [27] simulated the initial support and temporary support in the process of tunnel construction and found that the stress of the left upper bench, the right upper bench, and the temporary support is obvious. Weijie Zhang et al. [28] defined the definition and expression of the bearing capacity of a concrete-filled steel tubular supporting arch and determined the failure mode of the arch frame through laboratory tests and theoretical calculations. Dingli Zhang et al. [29] obtained the load release law and pressure distribution characteristics of the surrounding rock under steel rib and lattice girder support through a laboratory test, numerical simulation, and field monitoring, respectively. Wang Wei et al. [30] used finite element software to simulate the 3D dynamic excavation of the CDM and optimized the excavation process of this method. Fujin Hou et al. [31] proposed the failure mode and type of temporary support structure through the dynamic damage test under blasting load.



However, most of the above studies are based on conventional strata, and the tunnel excavation method is relatively simple. During the excavation process of unsymmetrical loading tunnels by the two-step CDM under complex geological conditions, there are few studies on the effect and deformation characteristics of the temporary steel support, which need to be further analyzed.



In this paper, relying on the Xiaoheshan Tunnel of Hangzhou Metro Line 3, the numerical calculation model of the shallow tunnel is constructed by using MIDAS GTS NX finite element software, and a two-step CDM excavation process of the shallow tunnel with unsymmetrical loading is simulated. At the same time, the evolution law of the surrounding rock deformation under temporary steel support is analyzed. Additionally, combined with field monitoring, the deformation characteristics of a temporary steel support and its causes are obtained. Then, some reasonable suggestions for the design and construction of temporary steel supports are put forward. The results can provide a new theoretical perspective for large-section tunnel excavation using the same support technology.




2. Engineering Background and Excavation Method


2.1. Engineering Geology


The shallow-buried section of the Xiaoheshan Tunnel of Hangzhou Metro Line 3 passes through the moderately weathered calcareous mudstone. As shown in Figure 1, on the right side of this tunnel, the length and height of the hillside parallel to the tunnel are 60 m and 30 m, respectively, and its slope rate is 1:1. By drilling at position A, the information of overlying rock and soil layer of the tunnel is obtained. From top to bottom, this tunnel’s weathered rock soil layer is subgrade filling, completely weathered mudstone, intensely weathered mudstone, and moderately weathered calcareous mudstone, respectively. The core samples drilled in the field are shown in Figure 2. The information on the soil layer above the surface is obtained according to the geological survey report. The lithology, distribution thickness, and representative symbols of each stratum are listed in Table 1.



The range of the tunnel crown is strongly weathered mudstone. As shown in Figure 3, the joints, and fissures of rock mass in the local section are dense, and the self-stability is poor. During the excavation, the rock is easy to spall and even has the risk of local collapse. To ensure excavation safety, pipe roof pre-grouting is used to reinforce the surrounding rock of the crown, and the steel grid is laid around the tunnel in time. Then, the crown is supported by the vertical wall formed by multiple I-steel longitudinal connections, as shown in Figure 4.




2.2. Excavation Method of Shallow-Buried Large-Section Tunnel


The buried depth of the Xiaoheshan Tunnel is 10.7 m, the tunnel section excavation height is 10 m, the maximum width is 13 m and the cross-section area is about 102.6 m2. Due to the coupling effect of rock mass fragmentation and lateral pressure of unilateral hillside, the surrounding rock self-stability of this large cross-section tunnel is poor, and the supporting structure is at risk of migration. During the construction, the pipe roof pre-grouting is gradually used to reinforce the surrounding rock with the advancement of the tunnel face. The excavation process of the two-step CDM is shown in Figure 5.



The specific technical processes are as follows:



Step 1: The left upper bench is excavated (for 1 m per step), while at the same time, the steel grid, temporary steel supports, and feet-lock bolt are installed (see Figure 6a).



Step 2: The left lower bench is excavated (for 1 m per step), while at the same time, the steel grid, anchors, and temporary steel supports are installed (see Figure 6b).



Step 3: The right upper bench is excavated (for 1 m per step), while at the same time, the steel grid and feet-lock bolt are installed (see Figure 6c).



Step 4: The right lower bench is excavated (for 1 m per step), while at the same time, the steel grid and anchors are installed (see Figure 6d).



According to the sequence and excavation space shown in Figure 5, cyclic excavation is carried out step by step.



There are four anchors on the tunnel side wall, with a length of 4 m and longitudinal spacing of 1 m. The properties of the anchors are shown in Table 2. The surrounding rock support adopts C25 concrete; its shotcrete thickness is 18 cm. The temporary steel support adopts No.18 I-steel, whose elastic modulus is 210 GPa and the cross-section moment of inertia is 1659.45 cm4. The steel grid is made of Φ25 mm main reinforcement and Φ14 mm connecting reinforcement. Its elastic modulus is 210 GPa and the cross-section moment of inertia is 3686.76 cm4.



The temporary steel support of the large-section tunnel is a slender structure. Considering that instability may easily occur during the tunnel excavation process, a special steel plate structure bearing is used at the bottom to ensure its stability, and the bearing is fixed with bolts. Figure 7 shows the fixing mode of the lower end of the temporary steel support.





3. Mechanical Analysis of Supporting Structure


The Xiaoheshan Tunnel of Hangzhou Metro Line 3 is in the upper-soft and lower-hard strata, and the geological conditions are complex. Three kinds of support technologies are adopted in the process of tunnel excavation.



3.1. Pipe Roof


Pipe roof support is a common technology for the advanced pre-support of large-section tunnels. The circumferential pipe roof pre-support is adopted in this tunnel, as shown in Figure 8. Hollow bolts are used for the pre-support of the pipe roof, and there are several holes in the wall of the bolt for grouting. The material parameters of a single steel pipe are listed in Table 3. Figure 9 shows the schematic diagram of the grouting reinforcement of the pipe roof. r refers to the slurry diffusion radius of a single grouting steel pipe, and r is 0.5 m.



As the main structural form of tunnel pre-support, the pipe roof is used for bending resistance. The elastic modulus and weight of a single grouting steel pipe are equivalently converted according to Equations (1) and (2), respectively [32].


   E g  =    E 1   I 1  +  E 2   I 2     I 1  +  I 2     



(1)






   γ g  =    A 1     A 1  +  A 2     γ 1  +    A 2     A 1  +  A 2     γ 2   



(2)




where,



	Eg
	is the equivalent elastic modulus of the grouting steel pipe,



	γg
	is the equivalent weight of the grouting steel pipe,



	E1
	is the elastic modulus of the steel pipe, E1 = 210 GPa,



	I1
	is the moment of inertia of the steel pipe section, I1 = 1.77 × 10−6 m4,



	γ1
	is the weight of the steel pipe, γ1 = 78.5 kN/m3,



	A1
	is the cross-sectional area of the steel pipe, A1 =1.31 × 10−3 m2,



	E2
	is the elastic modulus of the cement mortar, E2 = 2.8 × 104 MPa,



	I2
	is the moment of inertia of the filling cement mortar section, I2 = 4.91 × 10−6 m4,



	γ2
	is the weight of the cement mortar, γ2 = 20.0 kN/m3,



	A2
	is the cross-sectional area of the filling cement mortar, A2 = 7.85 × 10−3 m2.








According to the principle of equivalence [33], the physical–mechanical parameters of the grouting reinforcement area are obtained by Equation (3). The relevant parameters are listed in Table 4.


  E =  E 0  +    S g   E g     S c     



(3)




where,



	E
	is the elastic modulus of the grouting reinforcement area,



	E0
	is the elastic modulus of the stratum, E0 = 59.4 MPa,



	Sg
	is the cross-sectional area of the grouting steel pipe, Sg = A1 + A2 = 9.16 × 10−3 m2,



	Sc
	is the cross-sectional area of the support section, Sc = l × 2r = 0.4 m2.









3.2. Steel Grid Support


This tunnel is in the shallow-buried eccentric loose strata, and the self-stability of the surrounding rock is poor. Generally, the steel grid support is utilized to prevent the overlying rock from excessive deformation or even local collapse. Figure 10a shows the structural diagram of the steel grid, which is made up of four main reinforcements connected by connecting reinforcements. The detailed geometric and physical–mechanical parameters are listed in Table 5. Figure 10b shows the longitudinal arrangement of the steel grid along the tunnel, and its mechanical calculation diagram is shown in Figure 11.



The steel grid is the main bearing structure to restrain the early deformation of the surrounding rock [34,35], and it produces support resistance to the surrounding rock after deformation. The steel grid is regarded as an ideal elastic–plastic body, and the relationship between the displacement and the support resistance in the elastic deformation stage is obtained by Equation (4).


  P = K u  



(4)




where,



	P
	is the structural support resistance,



	K
	is the supporting stiffness of the structure,



	u
	is the radial displacement of the structure.








According to the relevant literature [36], the formula for calculating the supporting stiffness when the supporting structure is a rectangular section is obtained as follows:


  K =   E  [   R 2  −    (  R − t  )   2   ]     (  v + 1  )   [     (  R − t  )   2  +  (  1 − 2 v  )   R 2   ]     1 R   



(5)




where,



	E
	is the equivalent elastic modulus of the steel grid,



	t
	is the structural thickness of the steel grid,



	v
	is the Poisson’s ratio of the steel grid,



	R
	is the equivalent radius of the tunnel.








The maximum support resistance Pmax of the steel grid can be obtained from Equation (6). Through the equivalence principle, the section form of the steel grid is equivalent to a rectangular section as shown in Figure 12. The yield strength and elastic modulus of the equivalent section form are calculated according to Equations (7) and (8), respectively.


   P  max   =    σ c   2   [  1 −      (  R − t  )   2     R 2     ]   



(6)






   σ c  =    σ s   A s   A   



(7)






  E =    E s   I s   I   



(8)




where,



	σc
	is the equivalent yield stress of the steel grid,



	σs
	is the yield strength of the steel grid,



	Es
	is the elastic modulus of the steel grid,



	As
	is the cross-sectional area of the steel grid,



	A
	is the equivalent rectangular cross-sectional area,



	Is
	is the moment of inertia of the section,



	I
	is the moment of inertia of the equivalent rectangular section.









3.3. Temporary Steel Support


The large-section tunnel is excavated by the CDM, and the I-steel is used as a temporary support during the excavation process. The temporary steel support in this tunnel is made of No.18 I-steel longitudinally connected, and the space is consistent with the steel grid. Figure 13 shows the longitudinal connection method of the I-steel, and its geometric and physical–mechanical parameters are listed in Table 6.



The steel support acts as a temporary support structure for tunnel excavation. Its top relates to the steel grid to bear the vertical surrounding rock pressure, while the right side is subjected to the lateral earth pressure on the unexcavated side. Figure 14 shows the mechanical calculation diagram of the temporary steel support.





4. Numerical Analysis


4.1. Model Building


MIDAS GTS NX finite element software is adopted to simulate the excavation process of this tunnel by two-step CDM. Calculation range: X × Y × Z = 90 m × 60 m × 50 m, as shown in Figure 15.



Boundary condition: The horizontal displacement constraints are imposed on the front, rear, left, and right boundaries of the model. The vertical displacement constraint is imposed on the bottom boundary. The surface is a free boundary.



Grid division: The strata, retaining wall, and grouting reinforcement area are simulated by the hexahedral solid element, with a number of elements of 161,769 and nodes of 143,226. The pipe roof, temporary steel support, and connection reinforcements are simulated by the beam element, with the number of elements of 5680 and nodes of 5819. The steel grid, tunnel sidewall, and concrete shotcrete layer are simulated by the plate element, with a number of elements of 4569 and nodes of 5158. The anchor adopts the embedded truss element, with several elements of 2898 and nodes of 3556. The total number of elements is 174,916, and the number of nodes is 157,759.




4.2. Fundamental Assumption


Given the location of the underground tunnel section, the stratum is composed of subgrade filling, completely weathered mudstone, intensely weathered mudstone, and moderately weathered calcareous mudstone from top to bottom. The numerical simulation of the tunnel excavation conforms to the following assumptions:




	(1)

	
Each geological layer, pipe roof grouting and solid are regarded as homogeneous and isotropic media.




	(2)

	
The deformation and failure of the tunnel surrounding rock, temporary steel support, and pipe roof grouting conform to the classical elastic–plastic theory.




	(3)

	
Without considering the influence of disturbance caused by tunnel excavation on the structure itself and the effect of tectonic stress, only considering the influence of self-weight on the structure itself. The initial horizontal stress is calculated by using the surrounding rock gravity in MIDAS software, which can be expressed by Equation (9).











   σ h  =  μ  1 − μ    σ v   



(9)




where,



	σh
	is the horizontal stress,



	σv
	is the vertical stress,



	μ
	is Poisson’s ratio.









4.3. Constitutive Relation


The constitutive relationship between I-steel and steel bars using the BKIN model and Von-Mises criterion is shown in Equation (10).


     (   σ 1  −  σ 2   )   2  +    (   σ 2  −  σ 3   )   2  +    (   σ 3  −  σ 1   )   2  = 2  σ s    2  = 6  K 2   



(10)




where,



	σ1
	is the first principal stress of the material,



	σ2
	is the second principal stress of the material,



	σ3
	is the third principal stress of the material,



	σs
	is the yield point of the material, and σs = 235 MPa,



	K
	is the shear yield strength of the material.








The Mohr–Coulomb elastic–plastic failure strength criterion is adopted to characterize the constitutive relationship of the tunnel surrounding rock and pipe roof grouting. The plastic failure judgment is based on Equation (11).


   {    τ =  1 2  (  σ 1  −  σ 3  ) cos φ     σ =  1 2  (  σ 1  +  σ 3  ) cos φ +  1 2  (  σ 1  −  σ 3  ) sin φ      



(11)




where,



	τ
	is the shear stress on the shear plane, Pa,



	σ
	is the normal stress on the shear plane,



	φ
	is the internal friction angle,



	σ1
	is the first principal stress,



	σ3
	is the third principal stress.









4.4. Calculated Parameters


To obtain the physical–mechanical parameters of rock and soil accurately, the rock core is drilled in the engineering site and processed into standard rock samples, as shown in Figure 16a. Figure 16b shows the MTS STH GB-T universal testing machine, which is adopted to carry out the uniaxial compression test of rock based on relevant standards [37]. The uniaxial compressive strength, elastic modulus, Poisson’s ratio, and other physical–mechanical parameters of moderately weathered calcareous mudstone are listed in Table 7.



The physical and mechanical parameters of other rock and soil layers are comprehensively considered according to the data provided by the geological survey report and combined with the classification standard of engineering rock mass [38]. At the same time, according to Part 3 (Mechanical analysis of supporting structure), the calculation parameters of the relevant supporting structures are determined, which are listed in Table 8.




4.5. Analysis Process


Based on the field construction steps of Xiaoheshan Tunnel; the pre-grouting reinforcement area of the pipe roof; the excavation sequence of the bench method; and the support process of the temporary steel support in the process of tunnel excavation are simulated. The simulation process of three-dimensional excavation and support is shown in Figure 17. A schematic diagram of the coordinate is shown in Figure 18.



The excavation is conducted cyclically according to the method shown in Figure 19. During the excavation process, the steel grid, temporary steel support, and feet-lock bolt at the corresponding positions are installed in time.



During the process of numerical simulation, the three-dimensional models of tunnel excavation are established to analyze the effect of temporary steel support. The effect of the temporary steel support on the surrounding rock pressure and displacement during tunnel excavation is studied, and its stress and deformation are analyzed.



We set up six measuring points (A, B, C, D, E, and F) to monitor the settlement of the crown and spandrel and two horizontal measuring lines (1-1 and 1-2) to analyze the horizontal displacement of the temporary steel support. The layout of the measuring points is shown in Figure 20. The analysis results are as follows.



4.5.1. Surrounding Rock Stress


During the excavation process, the failure of the surrounding rock is related to the maximum principal stress of the surrounding rock. Therefore, this paper analyzes the maximum principal stress of the surrounding rock in the grouting area of the pipe roof and other parts. Figure 21 shows the stress distribution of the surrounding rock during excavation.



As is shown in Figure 21: (1) In the process of tunnel excavation with and without a temporary steel support, the distribution of the first principal stress of the surrounding rock is consistent. After all the excavation is completed, the maximum tensile stress changes from 1.12 MPa to 0.90 MPa, and the maximum compressive stress changes from −1.19 MPa to −1.07 MPa. The changes are not obvious. The temporary steel support has a negligible effect on the extreme value of the first principal stress of the surrounding rock. (2) Affected by the unsymmetrical loading, the stress state around the tunnel is complex, and the maximum tensile stress occurs near the spandrel and bottom of the tunnel. The temporary steel support is beneficial to improve the stress state of the surrounding rock of the tunnel, especially the surrounding rock stress at the left spandrel and bottom of the tunnel. (3) Comparing Figure 21b,d, after the temporary steel support is installed, the maximum tensile stress on the left spandrel decreased from 0.35 MPa to 0.16 MPa, which decreased by 54.3%. At the same time, the range of tensile stress decreases, and the stress state in some areas is changed from tension to compression, which is conducive to the stability of the surrounding rock. The existence of temporary steel support makes the stress distribution of the surrounding rock on the left spandrel more reasonable. (4) During the tunnel excavation process, the surrounding rock at both ends of the temporary steel support produces a large stress concentration, which is prone to local damage. Attention should be paid to the flexible support design of the temporary steel support.



From the above analysis, the existence of the temporary steel support greatly improves the distribution range of the surrounding rock. Now, we further discuss the stress change around the tunnel in the process of a two-step CDM excavation under a temporary steel support. The local stress map is shown in Figure 22.



As is shown in Figure 22: (1) When the two-step CDM was adopted to excavate the tunnel, the stress change of the surrounding rock of the tunnel presents the characteristics of stages and the stress release sequence changes with different excavation sequences. (2) When excavating the left upper bench (Figure 22a), due to the influence of the eccentric pressure, compressive stress occurs in the left spandrel, and the range of compressive stress distribution is small. When excavating the left lower bench (Figure 22b), the compressive stress of the left spandrel increases, and the tensile stress is generated at the bottom of the tunnel. When excavating the right upper bench (Figure 22c), due to the influence of the right bias, the magnitude and distribution range of the compressive stress on the right spandrel are larger than those in the tunnel excavation of the left upper bench and the left lower bench. When excavating the right lower bench (Figure 22d), the magnitude and distribution of the compressive stress on the right spandrel increased, but the change range was small. The excavation of the right lower bench has little effect on the stress on the right spandrel. (3) The excavation of the upper bench has a greater impact on the stress of the spandrels on both sides of the tunnel, and the excavation of the lower bench has a greater impact on the stress at the bottom of the tunnel.




4.5.2. Displacement of Surrounding Rock


The distribution of the surrounding rock settlements is shown in Figure 23.



As is shown in Figure 23: (1) During the excavation process of tunnels with and without temporary support, the settlement distribution of the surrounding rock shows consistently. Affected by the bias, the settlement of the surrounding rock is mainly distributed near the right spandrel. (2) The existence of the temporary steel support greatly reduces the settlement of the surrounding rock and the bottom uplift of the tunnel and improves the distribution range of the settlement of the surrounding rock, especially the settlement of the left spandrel. The maximum settlement of surrounding rock changes from −31.23 mm to −7.40 mm, which is reduced by 76.3%. The bottom uplift changes from 88.58 mm to 66.18 mm, which is reduced by 25.3%. (3) After the temporary steel support is installed, the uplift at the bottom of the tunnel is reduced due to the reaction force of the support. The temporary steel support bears a large vertical surrounding rock pressure, and attention should be paid to its flexible support design during construction.



In order to eliminate the impact of boundary effects on the monitoring section, the typical section should be far enough from the start boundary of the tunnel, generally two to three times the tunnel diameter. Considering that the maximum span of this model tunnel is 13 m, the section y = 30 m is taken as the typical section. Figure 24 shows the change curve of the settlement during the tunnel excavation process.



As is shown in Figure 24: (1) During the simulation process of tunnel excavation with and without temporary steel support, the settlement values of points D and E are both greater than the settlement values of points A and B. After all the excavation is completed, affected by the bias pressure and the excavation sequence, the maximum settlement value is distributed in the right spandrel. When excavating the right upper bench ③, a high-strength steel grid should be installed, and spray concrete in time. (2) Comparing Figure 24a,b, the maximum displacement of point A changes from −8.3 mm to 10.9 mm, and the maximum displacement of point B changes from −13.9 mm to 10.9 mm. At the same time, it can be seen from Figure 24b that the existence of the temporary steel support causes the local uplift of the left spandrel, and with the advance of excavation, the number of steel supports increases, and the uplift value of the left spandrel increases gradually, which decreases the surrounding rock settlement of the left spandrel greatly. (3) The displacement increasing rate of each monitoring point in the early excavation is relatively obvious, and the displacement change rate gradually became stable before the excavation was completed.




4.5.3. Analysis of Mechanical Characteristics in Temporary Steel Support


From the above analysis, in the process of tunnel excavation by two-step CDM, due to the existence of temporary steel support, the settlement of surrounding rock and the uplift of the tunnel bottom are greatly reduced, and the principal stress distribution of the left spandrel tends to be more uniform. The temporary steel support is No. 18 I-steel. After the whole section of the I-steel is installed, the height is 10 m, the width is 8 cm, and the height–width ratio is 1:0.018. It is a slender structure, and it is easy to lose stability in the process of excavation. Now, the stability and deformation law of the steel support is analyzed as follows.



We set up three monitoring points (S1, S2, and S3) to analyze the principal stress of the temporary steel support. The measuring points S1 and S2 are located at the midpoint of the temporary steel support of the upper and lower bench, respectively. The measuring point S3 is located at the connection of the upper and lower bench. Through the MIDAS’ extraction function, the principal stress results of the temporary steel support are extracted. Figure 25 shows its principal stress change curve in cross-section y = 30 m.



It can be seen from Figure 25 that: (1) During the tunnel excavation process, there is an obvious “bench-type” phenomenon in the change of the first principal stress of the temporary steel support, which is caused by the excavation of the tunnel by two-step CDM. At the same time, the stress changes of the temporary steel support on the upper and lower bench are the same. (2) The stress increase rate of the temporary steel support during the excavation of the right upper bench ③ is significantly faster than that of other parts’ excavation. The reason is that with the excavation of the rock and soil of the right upper bench ③, the lateral earth pressure of the temporary steel support on the upper bench is completely released. It only bears the load of the upper surrounding rock, and the stress value increases. At the same time, the earth pressure on the right side of the temporary steel support of the lower bench is further released, and its stress value increases synchronously. (3) During the entire excavation process, due to the stress concentration at the joint of the upper and lower bench of temporary steel support, the stress value at the monitoring point S3 continued to increase, with a maximum value of −202.7 MPa, which did not reach the yield strength of the I-steel of 235 MPa in terms of value, so the structure is safe. To ensure the construction safety, attention should be paid to the reinforcement of the temporary steel support at the joint of the upper and lower bench, and the transverse steel support can be set up at the joint if necessary.



Through the MIDAS’ extraction function, the data of two horizontal convergence lines, 1-1 and 1-2, in cross-section y = 30 m are extracted. The convergence changes of the two-step CDM tunnel excavation process is shown in Figure 26.



It can be seen from Figure 26 that: (1) The change law of the relative horizontal convergence of the temporary steel support at the upper and lower bench is basically the same. The maximum convergence of the upper and lower bench steel support in the excavation process is −8.9 mm and −11.9 mm, respectively, and the maximum expansion is 6.9 mm and 17.5 mm, respectively. (2) After the excavation of the left upper bench ①, the horizontal convergence of the upper bench steel support (measuring line 1-1) increases rapidly to −6.6 mm. After the excavation of the left lower bench ②, the horizontal convergence gradually increases to −6.9 mm. At this time, the temporary steel support bears vertical surrounding rock pressure and lateral earth pressure. With the gradual advance of excavation, the pressure increases, increasing the horizontal convergence. At the same time, the horizontal convergence of the lower bench steel support (measuring line 1-2) increases rapidly to 11.0 mm. (3) After the excavation of the right upper bench ③, the relative horizontal displacement of the upper bench steel support changes from −6.4 mm to 6.9 mm, and the change range is 13.3 mm. The reason is that when the right upper bench ③ is excavated, the earth pressure on the right side of the upper bench steel support is released, and its relative horizontal displacement state changes from convergence to expansion gradually. At the same time, the relative horizontal displacement of the lower bench steel support changes from −11.0 mm to 17.5 mm, with a range of 28.5 mm. The reason is that due to the excavation of the right upper bench ③, the earth pressure on the right side of the lower bench steel support is further released, which leads to the decrease of its convergence value. (4) The convergence and expansion of the temporary steel support move to the left and right, respectively. The convergence of the temporary steel support is mainly caused by the excavation of the left upper bench ① and lower bench ②, and the expansion is mainly caused by the excavation of the right upper bench ③ and lower bench ④. The deformation of the upper bench steel support is mainly affected by the left upper bench ① and the right upper bench ③ excavation, and the deformation of the lower bench steel support is mainly affected by the right upper bench ③ and lower bench ④ excavation. (5) The deformation of the upper bench steel support undergoes four stages: convergence, expansion, convergence, and stability. The deformation of the lower bench steel support undergoes five stages: convergence, expansion, convergence, expansion, and stability.



The above analysis shows that when the right upper bench ③ is about to be excavated, the horizontal convergence of the upper and lower bench steel support reaches the maximum at the same time, and the deformation state of the temporary steel support in the 50th construction step is extracted, as shown in Figure 27. The maximum transverse deformation of the temporary steel support occurs at the joint of the upper and lower bench, which is 21.28 mm. To further ensure construction safety, attention should be paid to the reinforcement treatment at the joint of the upper and lower bench of the temporary steel support in the process of excavation, and transverse supports can be set up if necessary.






5. Field Monitoring


5.1. Measurement Method


Based on the above theory and numerical analysis of the Xiaoheshan Tunnel of Hangzhou Metro Line 3, field tests were conducted. To analyze the deformation characteristics of the temporary steel support and surrounding rock, a field test was carried out. Then, the numerical simulation results were compared with field monitoring. Since the tunnel is excavated by the two-step CDM, the traditional measurement method (clearance extensometer) may not be able to monitor the early deformation of the tunnel due to the limitations of the excavation equipment and site conditions during the excavation process. Therefore, Leica-TS09plus total station and reflective film were adopted to monitor the spandrel settlement and horizontal convergence of the tunnel, as shown in Figure 28. The ranging accuracy is ± (2 mm + 2 ppm).



In this paper, the cross-section y = 30 m is selected for the field test. Figure 29 illustrates the layout of the measuring points. Two measuring lines, 1-1 and 1-2, are set to measure the horizontal convergence during tunnel excavation. In addition, two points (D1 and D2) are set to measure the spandrel settlement. The positions of the monitoring points in the field are consistent with those in the process of numerical simulation.




5.2. Analysis of Monitoring Results


5.2.1. Horizontal Convergence


The convergence results are listed in Table 9, and the time curve of the horizontal convergence is shown in Figure 30.



As can be seen from Figure 30, on the measuring line 1-1, after the excavation of the left upper bench ①, the convergence value and growth rate increase and the convergence value increases to about −6.8 mm. After the excavation of the left lower bench ②, the convergence value continues to increase, while the growth rate turns down. The excavation of the left lower bench ② has little effect on the convergence of the temporary support of the upper bench. After the excavation of the right upper bench ③, due to the release of the earth pressure on the right side of the temporary support of the upper bench, the convergence value becomes smaller, and the deformation state gradually changes from convergence to expansion, and gradually tends to be stable after the excavation of the right lower bench ④.



On measuring line 1-2, after the excavation of the left lower bench ②, the convergence rate accelerates gradually, and the convergence value increases to about −11.5 mm. After the excavation of the right upper bench ③, the pressure on the right side of the temporary support of the lower step is released, the convergence value is smaller, and the deformation state is gradually transformed from convergence to expansion. After the excavation of the right lower bench ④, the lateral earth pressure is further released, and the deformation speed of the temporary support of the lower bench increases rapidly at first, then there are some slight rebounds and finally tends to be stable.



There are numerical errors between the numerical simulation and the field monitoring data, while the variation law is basically consistent. The deformation of the temporary steel support at the upper bench undergoes four stages: convergence, expansion, convergence, and stability. The deformation of the temporary steel support at the lower bench undergoes five stages: convergence, expansion, convergence, expansion, and stability.




5.2.2. Spandrel Settlement


The spandrel settlement results are listed in Table 10, and the time curve of spandrel settlement is shown in Figure 31.



It can be seen from Figure 31: (1) In the initial stage of tunnel excavation, the settlement of the left spandrel increased slowly. With the advance of excavation, the number of temporary steel supports increased, and the displacement state of monitoring point D1 changed from settlement to uplift gradually, which indicated that the surrounding rock on the left spandrel was uplifted. Before the end of the excavation, the uplift value became stable gradually. (2) Affected by the slope bias, when excavating the right upper bench ③, the settlement of the right spandrel (measurement point D2) increased rapidly. When excavating the right lower bench ④, the settlement value of monitoring point D2 continued to increase, while the growth rate slowed down and stabilized before all the excavation was completed. (3) The settlement value obtained by numerical simulation was smaller than the measured value, while the variation law was the same. Considering that the geological strata in the actual tunnel are more complex than that in the numerical simulation, the difference in settlement value is acceptable, which verifies the correctness of the numerical simulation calculation.






6. Conclusions


Combined with the numerical simulation and field monitoring, the deformation and mechanical characteristics of temporary steel support during the process of unsymmetrical loading tunnel excavation are explored. The conclusions are as follows:




	(1)

	
In the process of simulating tunnel excavation with or without temporary steel support, the stress distribution of the surrounding is basically the same. The existence of steel supports changes the maximum tensile stress of the left spandrel from 0.35 MPa to 0.16 MPa, a decrease of 54.3%. At the same time, the area of the tensile stress area is reduced, which is more conducive to the stability of the surrounding rock.




	(2)

	
Affected by the slope bias and the excavation sequence, the maximum settlement of the surrounding rock is distributed on the right spandrel. The existence of temporary steel support makes the maximum settlement of surrounding rock change from −31.23 mm to −7.4 mm, and the bottom uplift change from 88.58 mm to 66.18 mm, which are reduced by 76.3% and 25.3%, respectively.




	(3)

	
During the excavation process of the tunnel using the two-step CDM, the change law of the principal stress at the middle point of the temporary steel support of the upper and lower bench is basically the same, showing a “bench-type” phenomenon. Due to the phenomenon of stress concentration, the principal stress value at the joint of the temporary steel support of the upper and lower bench is the largest. Ji Xinbo et al. [39,40] have performed similar research and put forward some measures to enhance the stability of temporary steel supports, such as adding lateral supports or increasing the size of I-steels.




	(4)

	
Tunnel excavation methods and excavation sequences have different effects on the deformation of temporary steel supports. When the excavation method (two-step CDM) is used in this paper, the deformation of the steel support on the upper bench undergoes four stages: convergence, expansion, convergence, and stabilization; and the deformation of the steel support on the lower bench undergoes five stages: convergence, expansion, convergence, expansion, and stabilization. However, when the tunnel is excavated by blasting [31,41], the failure process of the temporary steel support goes through four stages of development. Additionally, when adopting CRD excavation method [23], the deformation process is different. This paper enriches the deformation characteristics of temporary steel supports under different excavation methods.




	(5)

	
There are some errors between the field monitoring data and the numerical simulation, but the variation law is basically the same, which verifies the rationality of the numerical simulation. The research results can provide guidance for similar engineering support.
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Figure 1. Tunnel-slope relative position. 
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Figure 2. The lithology of the overlying strata. 
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Figure 3. Local fracture of surrounding rock. 
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Figure 4. Temporary steel support. 
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Figure 5. Schematic diagram of step length. 
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Figure 6. Schematic diagram of bench excavation and support. 
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Figure 7. Fixed mode of temporary steel support. 
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Figure 8. Steel grid-pipe roof supporting system. 
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Figure 9. Schematic diagram of grouting reinforcement. 
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Figure 10. The structure and layout of the steel grid. Notes: a—Φ25 mm main reinforcement, b—Φ14 mm connect reinforcement, and c—Φ22 mm connecting reinforcement. 
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Figure 11. Mechanical calculation diagram of steel grid. Notes: X1—shearing force, X2—axial force, X3—bending moment. 
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Figure 12. Equivalent diagram of steel grid section (unit: mm). 
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Figure 13. Schematic diagram of I-steel connection. 
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Figure 14. Mechanical calculation diagram of I-steel. Notes: X1—shearing force, X2—axial force, X3—bending moment. 
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Figure 15. Three-dimensional model. 
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Figure 16. Uniaxial compression test. 
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Figure 17. Schematic diagram of tunnel excavation and support. Notes: a—steel grid; b—temporary steel support; c—tunnel side wall; d—feet-lock bolt; e—anchors; f—fixed support; g—grouting area; h—No.18 I-steel; i—connect reinforcement. 
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Figure 18. Three-dimensional coordinate. 
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Figure 19. Tunnel excavation simulation process. 
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Figure 20. The layout of measuring points in the simulation process. 
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Figure 21. The first principal stress of surrounding rock. 
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Figure 22. Local stress map during tunnel excavation. 
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Figure 23. Settlement distribution of surrounding rock. 
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Figure 24. The curve of the monitoring point in cross-section y = 30 m. 
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Figure 25. Principal stress curve of temporary steel support in cross-section y = 30 m. 
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Figure 26. Convergence curve of the temporary steel support in cross-section y = 30 m. 
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Figure 27. Deformation diagram of steel support at maximum convergence displacement. 
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Figure 28. Monitoring instrument. 
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Figure 29. The layout of field monitoring points. 
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Figure 30. Time curve of convergence in cross-section y = 30 m. 
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Figure 31. Time curve of settlement in cross-section y = 30 m. 
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Table 1. Stratigraphic division.
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	Strata
	Thickness/m
	Representative Symbols





	Subgrade filling
	0.7
	Q1



	Completely weathered mudstone
	1.7
	Q2



	Intensely weathered mudstone
	7.9
	Q3



	Moderately weathered calcareous mudstone
	67.4
	Q4



	Gravel-containing silty clay
	3.0
	Q5
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Table 2. The properties of the anchors.
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	Materials
	Diameter/mm
	Elastic Modulus/GPa
	Yield Strength/MPa





	Anchors
	22
	210
	235
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Table 3. Material parameters of a single steel pipe.
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	Component
	Size





	Diameter of a single steel pipe
	D = 108 mm



	The thickness of a single steel pipe
	δ = 4 mm



	Length of a single steel pipe
	L = 40 m



	Circumferential spacing of a single steel pipe
	L = 0.4 m
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Table 4. Physical–mechanical parameters of grouting steel pipe and reinforcement area.
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	Material
	E/MPa
	µ
	γ/kN·m−3
	c/kPa
	φ/(°)





	Grouting steel pipe
	76225
	0.20
	28.4
	
	



	Reinforcement area
	1805
	0.30
	21.0
	200
	28
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Table 5. Geometric and physical–mechanical parameters of steel grid.
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	Type
	Section Area/cm2
	Cross-Section Moment of Inertia/cm4
	Elastic Modulus/GPa
	Yield Strength/MPa





	Φ25 mm main reinforcement
	19.63
	2954.45
	210
	400



	Φ14 mm connect reinforcement
	12.32
	732.31
	210
	400
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Table 6. Geometric and physical–mechanical parameters of I-steel.
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	Type
	Section Area/cm2
	Cross-Section Moment of Inertia /cm4
	Elastic Modulus/GPa
	Yield Strength /MPa





	No. 18 I-steel
	30.43
	1659.45
	210
	235










[image: Table] 





Table 7. Results of uniaxial compression test of the specimen.
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	Specimen
	Diameter/mm
	Failure Load/kN
	Peak Stress/MPa
	Poisson Ratio µ
	Elastic Modulus/MPa





	1
	54.7
	99.734
	42.4
	0.188
	54.527



	2
	54.7
	107.324
	45.7
	0.315
	69.333



	3
	54.7
	94.974
	40.4
	0.188
	54.305
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Table 8. Calculation parameters.
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	Material
	E/MPa
	µ
	γ/kN·m−3
	c/kPa
	φ/ (°)





	Subgrade filling
	1.8
	0.15
	16.9
	17
	10



	Completely weathered mudstone
	4.5
	0.30
	20.5
	28
	16



	Intensely weathered mudstone
	9.1
	0.20
	20.4
	28
	27



	Moderately weathered calcareous mudstone
	59.4
	0.23
	24.0
	150
	33



	Gravel-containing silty clay
	20.0
	0.25
	19.0
	39
	20



	Reinforcement area
	1805
	0.30
	21.0
	200
	28



	Grouting steel pipe
	76,225
	0.20
	28.4
	
	



	Concrete
	28,000
	0.20
	23.0
	
	



	I-steel
	210,000
	0.30
	78.5
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Table 9. The monitoring results of horizontal convergence.
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	Positions
	Maximum/mm
	Final Values/mm
	Final Convergence Rates/mm·d−1





	Measuring line 1-1
	−11.5
	1.4
	−0.1



	Measuring line 1-2
	−8.5
	9.2
	0.0
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Table 10. The monitoring results of settlement.






Table 10. The monitoring results of settlement.





	Monitoring Points
	Maximum/mm
	Final Values/mm
	Final Settlement Rates/mm·d−1





	D1
	−3.4
	5.4
	0.1



	D2
	−9.9
	-9.9
	0.0
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