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Abstract

:

When a pipe roof is used as a pre-support for the surrounding rock in a shallowly buried tunnel, accurate prediction of the support effectiveness of the pipe roof is important in order to ensure the rationality of the pipe roof structure design. Based on analysis of pipe roof pre-support effects, considering the construction time of pipe roof structures and the interaction mechanisms between the steel pipes of the pipe roof and the surrounding rock, we establish a calculation model of the surrounding rock pressure acting on each steel pipe of the pipe roof on the semi-circular pre-support boundary. Through comparison and analysis with the measured results, we demonstrate that the calculation model for surrounding rock pressure and the calculation model for stress and deformation of the pipe roof are reasonable. According to the deformation coordination conditions between the steel pipe of the pipe roof and the surrounding rock on the pre-support boundary and alongside the Peck formula, we establish a theoretical analysis method for pipe roof pre-support effectiveness based on the indexes of the ground loss rate, settlement trough width, and maximum ground surface settlement, thereby realizing a quantitative evaluation of pipe-roof pre-support effectiveness. At the same time, the effects of steel pipe diameter, circumferential spacing, and excavation footage length on the pre-support effectiveness of the pipe roof are analyzed. The conclusions can be used as a basis for the design and optimization of pipe roofs and as a guide for the application of pipe roofs.
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1. Introduction


Pipe roof pre-support technology is a commonly used auxiliary method in the construction of shallow underground tunnels. The purpose of this technology is to control stratum deformation and face stability in the process of construction and to ensure construction safety. Therefore, as the key technology for shallow underground tunnel construction, this technology is of important guiding significance to study the action mechanisms of a pipe roof and to reasonably evaluate its supporting effects.



A large number of scholars [1,2,3,4,5] have researched pipe shed pre-support technology through experimental research, numerical simulations, and theoretical analyses. In terms of the action mechanisms of pipe roofs, taking a single steel pipe of a pipe roof as the research object, some scholars [6,7,8,9] considered the restraint effects of initial support and rock masses in front of the tunnel face on the steel pipe of the pipe roof and analyzed the stress and deformation characteristics of the steel pipe of the pipe roof under the action of the surrounding rock pressure. On the basis of this experimental research, Zhou [10] put forward a scaffolding principle for pipe roofs and theoretically analyzed this principle’s spatial action mechanisms. A large number of scholars have carried out research on the effects of pipe shed pre-support. Based on the elastic foundation beam theory combined with practical engineering cases, Xu et al. [11] analyzed the influence of relevant parameters on the supporting effects of a pipe roof. M. Hisatake et al. [12] studied the pre-support effects of a pipe roof using a centrifuge model test. Using a model test, Guo [13] studied the influence of design parameters on the supporting effects of a pipe roof. Li et al. [14] published a comparative study on the pre-strengthening effects of a pipe roof and double-row conduit using a similar model test. Additionally, some scholars [15,16,17] established three-dimensional numerical models to study the pre-support effects of pipe roofs in detail.



As mentioned above, there have been many achievements in research on the mechanisms and effects of pipe-roof support. However, most of these research results have been summarized, and their theoretical depth did not reach the level needed to guide the design and construction of pipe roofs. Notably, to date, there is no quantitative theoretical description for the pre-support effects of pipe roofs. Therefore, it is impossible to construct a general design theory for a pipe-roof pre-supporting structure based on the classification of the surrounding rock. In this paper, we take a pipe roof in a shallow soft surrounding rock tunnel as the research object, work from the mechanism of pipe shed support, and construct a theoretical analysis model of pipe-roof pre-support effects based on the index of the formation loss rate and surface settlement. The purpose of this paper is to provide a theoretical basis for the design, optimization, and application of pipe roofs in shallowly buried weak surrounding-rock tunnels.




2. Establishment of a Pipe Roof Analysis Model


2.1. The Composition and Effects of the Pipe Roof


The pre-supported structure of a pipe roof is generally composed of a guide wall (or a set of arches), a guide pipe, a steel pipe, and a grouting reinforcement area. Scholars generally believe that the pre-support protection function of a pipe roof can be achieved by using a composite shell composed of a steel pipe and grouting reinforcement layer to withstand the surrounding rock pressure. Therefore, a composite shell composed of the steel pipes of the pipe roof and the rock mass of the grouting area is the main bearing member of the pre-supported protective structure of the pipe roof. A cross-sectional schematic diagram of the bearing members is shown in Figure 1.



The purpose of using pipe roof pre-support is to reduce the formation deformation caused by tunnel excavations, improve the stability of the palm surface and the excavation surface, and ensure the safety of construction. Therefore, the effect of pre-support of the pipe roof is mainly measured by deformation of the excavation surface, the stability of the palm surface, and the surface settlement. The tube shed carrying shell can transfer the ground stress that the palm face must bear to the initial support and deeper rock mass, improving the force state of the palm surface and thus also improving the stability of the palm surface. To control formation deformation, a theoretical analysis model of the support effects of the pipe roof based on the construction of force deformation considering the bearing of the pipe roof is established to realize a quantitative description of the deformation of the surrounding rock of the excavation surface and the settlement of the ground, so as to more accurately guide the design and construction of the pipe roof.



To study the role of the bearing shell composed of a steel pipe, slurry, and surrounding rock in the grout reinforcement area, the timing and construction conditions of the pipe roof should be considered. First, the steel pipe of the pipe roof and the grouting reinforcement area play specific roles in the pre-support system of the pipe roof. For the grouting reinforcement area, on the one hand, we found that in the grouting process of the pipe roof, due to the unevenness of the joint cracks of the rock mass, the effect of grouting reinforcement on improving the physical properties of the rock is not uniform. On the other hand, for both a pipe roof at the tunnel opening and a pipe roof in the tunnel, although a pulp stop section is reserved at the tail of the steel pipe of the pipe roof, a lack of uniformity often occurs due to the low-lying stress state of the rock mass above the slope of the tunnel opening or the palm. When the grouting pressure reaches a certain level, it will first form a crack in the area that penetrates the surface or palm surface such that the slurry flows out along the crack of this type. These cracks that penetrate the outside world make it difficult for the grouting pressure to meet the design requirements, resulting in a decrease in the reinforcement effects of the rock mass. Therefore, it is difficult for the surrounding rock in the reinforcement area to form a stable holding layer with bearing capacity. The role of this rock is mainly to improve the stiffness of the pre-support boundary and reduce the plastic deformation of the surrounding rock between the steel pipes of the pipe roof, thereby playing a protective role in the support boundary. Therefore, in the mechanical response analysis of the bearing shell, the role of the grouting reinforcement area as a bearing unit is ignored, and the combined beam composed of the steel pipe and slurry is used to withstand the surrounding rock pressure.




2.2. The Pressure of the Surrounding Rock Acting on the Pipe Roof


According to the above analysis of the effect of the pipe roof, the pre-supporting effect of the pipe roof is mainly reflected in the binding effects of the steel pipe on the surrounding rock. Therefore, in order to determine the role of the pipe roof in the transmission of loads, it is first necessary to clarify the size of the surrounding rock pressure on the steel pipe of the pipe roof.



When scholars [8,9] perform mechanical analysis on pipe tops based on elastic base beam models, the surrounding rock pressure is mostly calculated according to the loose surrounding rock pressure. However, the pre-support structure of the pipe roof is fundamentally different from the support structure of the tunnel cave. On the one hand, the surrounding rock pressure acting on the supporting structure of the cave body is the pressure that ultimately acts on the supporting structure after the stress state of the surrounding rock is redistributed through the two construction processes of excavation and support. The pipe roof’s advanced pre-support was installed in the formation according to the design requirements before the tunnel excavation. Thus, when the tunnel is excavated, all parts of the pipe roof’s advanced pre-support will be fully equipped with bearing capacity. On the other hand, the mechanical response to the steel pipe of the pipe roof is analyzed according to the Euler–Bernoulli beam theory based on the hypothesis of small deformation. Thus, it can be considered that the surrounding rock pressure acting on the steel pipe beam of the pipe roof does not change before and after deformation of the pipe roof.



Based on the above analysis, the following basic assumptions are made. (1) It is assumed that the boundary force of the rock mass to be excavated in the pre-support boundary under the initial ground stress state to the surrounding rock on the support boundary is equivalent to the binding force of the steel pipe of the pipe roof on the surrounding rock; (2) assuming that the interaction between the steel pipe of the pipe roof and the surrounding rock is extrusion, the binding direction of the steel pipe in the surrounding rock is the normal direction of the pre-support boundary.



In tunnel engineering, the pre-support boundary of the pipe shed is generally the arc boundary with a radius of  R , and the pipe shed steel pipes in the support range of angle  β  are evenly arranged on the support boundary with a ring spacing of  a . The pre-support protection boundary is discretized according to the position of the steel pipe of the pipe roof, and it is assumed that the distribution force of the excavated part of the rock mass on any small section of the boundary will be equivalent to the concentration force provided by the two adjacent steel pipes. Next, the equivalent binding force of the adjacent pipe roofs on each boundary to the surrounding rock is calculated, as shown in Figure 2. Finally, the equivalent binding force of each steel pipe on the adjacent boundary on both sides is superimposed, which provides the binding force of the steel pipe on the surrounding rock. According to Newton’s third law, the binding force of the steel pipe on the surrounding rock is equal to the amount of the surrounding rock pressure acting on the steel pipe, and the direction is positive, travelling inward along the radial direction.



If the excavation height of the palm face is    H k   , it is assumed that the surrounding rock at the arch foot of the tunnel does not undergo convergent deformation after excavation. First, the pipe roof is numbered. The steel pipe number of the vault pipe roof is 1, and the symmetrical numbers on the left and right sides are 2, …,  i , …,  n  and …,   i ′  , …,   n ′  , as shown in Figure 2. The location of any point on the support boundary is represented by the center angle  α  corresponding to the arc between that point and the No. 1 steel pipe. The position of the ith steel pipe is


   α i  =   i − 1   θ  



(1)




where  i  is the steel pipe number and  θ  is the center angle corresponding to the arc of the support boundary between any two steel pipes. Then,


  θ  = 2  arcsin  a  2 R    



(2)




where  R  is the boundary radius of the pre-support protection, m, and  a  is the ring spacing of the pipe shed, m.



When the height  H  of the support boundary vault to the ground is known, according to the geometric relationship, the height of the ith steel pipe to the ground,    H i   , can be found as follows:


   H i  = H + R   1 − cos  α i     



(3)







Before the tunnel is excavated, the part of the rock mass to be excavated and the surrounding rock form a pair of balanced forces and reaction forces on the support boundary, with sizes equal to the initial ground stress. The initial ground stress of the shallowly buried tunnel is calculated according to the self-gravity stress, and the formation is assumed to be isotropic rock and soil. Then, the initial ground stress vertical component    σ v    and the horizontal component    σ h    at any point on the pre-support boundary are


         σ v  = γ H  α         σ h  = λ  σ v         



(4)




where  γ  is the weight of the overlying rock of the tunnel, kN/m3;   H  α    is the height of any point on the support boundary from the surface, m;  λ  is the lateral pressure coefficient of the surrounding rock,   λ =  μ /    1 − μ      ; and  μ  is the Poisson’s ratio of the surrounding rock.



The support boundary between the No.   i − 1   steel pipe and the No.  i  steel pipe is taken as the research object. According to the equilibrium conditions, the moment of point   i − 1   is taken, and    ∑    M  i − 1   = 0    obtains


     ∫    α  i − 1      α i      σ v   R 2    sin α − sin  α  i − 1       d α +    ∫    α  i − 1      α i      σ h   R 2    cos  α  i − 1   − cos α     d α −  q  i , l   R sin (  α i  −  α  i − 1   ) = 0  



(5)







The moment of point  i  is then taken, and    ∑    M i  = 0    obtains


     ∫    α  i − 1      α i      σ v   R 2    sin  α i  − sin α     d α +    ∫    α  i − 1      α i      σ h   R 2    cos α − cos  α i      d α −  q  i − 1 , r   R sin (  α i  −  α  i − 1   ) = 0  



(6)







From the control Equations (5) and (6), we obtain


   q  i , l   = γ R ( H + R )    A 1   i  + λ  A 3   i    − γ  R 2     A 2   i  + λ  A 4   i     



(7)






   q  i − 1 , r   = γ R ( H + R )    A 5    i − 1   + λ  A 7    i − 1     − γ  R 2     A 6    i − 1   + λ  A 8    i − 1      



(8)




where the    A 1   i   ,    A 2   i   ,    A 3   i   ,    A 4   i   ,    A 5    i − 1    ,    A 6    i − 1    ,    A 7    i − 1    , and    A 8    i − 1     positional functions are calculated according to the following equations:


    A 1   i  =  1  sin θ     2 sin  θ 2  sin    α i  −  θ 2    − θ sin    α i  − θ         A 2   i  =  2  sin θ     sin  2   θ 2    cos  2     α i  −  θ 2        A 3   i  =  1  sin θ     θ cos    α i  − θ   − 2 sin  θ 2  cos    α i  −  θ 2          A 4   i  =  1  sin θ       sin  θ 2  sin    α i  −  θ 2    sin  α i      + sin  θ 2  cos    α i  − θ   cos    α i  −  θ 2    −  θ 2          A 5    i − 1   =  1  sin θ     θ sin    α  i − 1   + θ   − 2 sin  θ 2  sin    α  i − 1   +  θ 2          A 6    i − 1   =  2  sin θ     sin  2   θ 2    cos  2     α  i − 1   +  θ 2        A 7    i − 1   =  1  sin θ     2 sin  θ 2  cos    α  i − 1   +  θ 2    − θ cos    α  i − 1   + θ         A 8    i − 1   =  1  sin θ        θ 2  − sin  θ 2  sin    α  i − 1   +  θ 2    sin  α  i − 1       − sin  θ 2  cos    α  i − 1   + θ   cos    α  i − 1   +  θ 2          








where   i = 2 , 3 ,   … ,   n  .



According to Equations (7) and (8),    q  1 , r    ,    q  2 , r    , …,    q  n − 1 , r     and    q  2 , l    ,    q  3 , l    , …,    q  n , l     can be obtained separately. According to the calculation model shown in Figure 2, the amount of surrounding rock pressure acting on the No.  i  steel pipe is equal to the sum of the binding force of the No.  i  steel pipe on the two boundary intervals adjacent to that pipe, namely:


   q i  =  q  i , l   +  q  i , r    



(9)




where   i = 2 , 3 ,   … ,   n − 1  .



Especially for the No. 1 steel pipes, depending on the symmetry available, we obtain


   q 1  = 2  q  1 , r    



(10)







For the No. n steel pipe, we can consider the right boundary interval of the No. n steel pipe as the intersection of the excavation height and the support boundary. The center angle corresponding to the boundary of this part is   θ ′  . Then,


   θ ′  =  π 2  −  α n  − arcc sin   R −  H k   R   



(11)




where    H k    is the excavation height, m. The control equation is derived according to the equilibrium conditions:


     ∫    α n     α n  +  θ ′      σ v   R 2    sin    α n  +  θ ′    − sin α     d α +    ∫    α n     α n  +  θ ′      σ h   R 2    cos α − cos    α n  +  θ ′        d α −  q  n , r   R sin  θ ′  = 0  



(12)







Derived from the controlling Equation (12), we obtain:


   q  n , r   = γ R ( H + R )    A 5   n  + λ  A 7   n    − γ  R 2     A 6   n  + λ  A 8   n     



(13)




where    A 5   n   ,    A 6   n   ,    A 7   n   , and    A 8   n    are position functions calculated according to the following equations:


   A 5   n  =  1  sin  θ ′       θ ′  sin    α n  +  θ ′    − 2 sin   θ ′  2  sin    α n  +   θ ′  2       










   A 6   n  =      2 sin   2    θ ′  2    cos  2     α n  +   θ ′  2      sin  θ ′     










   A 7   n  =  1  sin  θ ′      2 sin   θ ′  2  cos    α n  +   θ ′  2    −  θ ′  cos    α n  +  θ ′       










   A 8   n  =  1  sin  θ ′          θ ′  2  − sin   θ ′  2  sin    α n  +   θ ′  2    sin  α n      − sin   θ ′  2  cos    α n  +  θ ′    cos    α n  +   θ ′  2         











According to the symmetry, the size of the surrounding rock pressure that can be found on each steel pipe on the left side is


   q   i ′    =  q i   



(14)




where   i = 2 , 3 , … , n  .




2.3. The Force and Deformation of the Steel Pipe of the Pipe Roof


Each steel pipe that comprises the shed will deform along the radial direction under the pressure of the surrounding rock. The authors in [18] studied in detail the mechanical response of a single steel pipe in the pipe shed considering the construction process under the action of surrounding rock pressure. The results for the surrounding rock pressure on each steel pipe of the pipe shed were substituted into the analytical expression of the force and deformation of a single steel pipe, and the deformation distribution along the longitudinal direction of each steel pipe was obtained. The results of this previous study serve here as a basis for further judging the effects of shed control formation deformation.





3. Evaluation of the Effect of Pre-Support of the Pipe Roof


3.1. The Index of the Pipe Roof Pre-Support Effect Evaluation


In the tunnel construction stage, the pipe shed is used for pre-support to control the stratum deformation and improve the stability of the excavation face. Therefore, it is important for the development of pipe shed design theory to select appropriate indicators to evaluate the effect of pipe shed pre-support. In shallow-buried tunnels, formation deformation is manifested by convergence of the surrounding rock and surface settlement. The effects of pipe shed advance support should also be evaluated based on these two aspects.



The convergent deformation at each key point of the tunnel section is usually used to evaluate the ability of the supporting structure to control surrounding rock convergent deformation. However, when this index is used to measure the effect of controlling surrounding rock deformation, the results vary greatly under different geological conditions and excavation sections. It is, therefore, difficult to establish a unified evaluation standard to compare the actual ability of the supporting structure to control surrounding rock deformation under different working conditions, which restricts the development of supporting structure design theory. In this paper, the ratio of the area of the intruded excavation contour to the area of the designed excavation section caused by radial convergent deformation of the surrounding rock under pre-support of the pipe shed is defined as the stratum loss rate. This index is used to measure the effect of the pipe shed on controlling surrounding rock deformation. This relative index can be used to compare and analyze the effects of pipe shed pre-support under different working conditions with relatively uniform standard results.



To date, the influence of shallow tunnel construction on surface settlement has not been solved theoretically. Therefore, this paper uses the Peck formula, which is often applied in subway construction, to calculate the distribution of surface subsidence deformation caused by tunnel construction. The maximum settlement of the section and the width of the settlement trough are used to evaluate the effect of the pipe shed on controlling surface settlement.




3.2. Evaluation Index Calculation Method


When analyzing the interaction between the pipe shed steel tube and surrounding rock, it is assumed that the steel tube and surrounding rock extrude each other. Thus, the convergent deformation of the surrounding rock on the pre-supported boundary can be considered equal to the deflection deformation of the pipe shed steel tube towards the tunnel. The deformation of the surrounding rock on the pre-supported boundary between the pipe shed steel tubes can be obtained via linear interpolation of the deformation of two adjacent steel tubes. The convergence deformation integral for the surrounding rock of any computed section can be used to obtain the formation loss of this section (   V l   ):


   V l  = R θ   ∑   i = 1   n − 1       ω i  +  ω  i + 1      −  θ 4    ∑   i = 1   n − 1         ω i  +  ω  i + 1      2   + R  ω n   θ ′  −    ω n    2   4   θ ′   



(15)




where  R  is the radius of the pre-support boundary, m;  θ  is the central angle corresponding to the supporting boundary arc between any two steel tubes, rad;   θ ′   is the central angle corresponding to the arc from the No.  n  steel pipe to the arch foot segment, rad; and    ω i   ,    ω  i + 1    , and    ω n    are, respectively, the bending deformation of steel tubes  i ,   i + 1  , and No.  n  in the calculated section.



Then, the formation loss rate of the calculated section  η  is obtained as


  η =   2  V l    π  H k    2     



(16)




where    V l    is the formation loss of the calculated section, m2, and    H k    is the excavation height of the palm face, m.



The surface settlement curve caused by excavation of the underground tunnel is commonly called the “settlement groove”. The Peck formula [19] is a classical formula widely used globally to estimate settlement curves [20,21,22]. Peck analyzed a large quantity of surface settlement data and related engineering data and concluded that the width  i  of the settlement trough was as follows:


  i =   H +  H k      2 π   tan     45  ∘  −  φ 2       



(17)




where  H  is the buried depth of the pre-supported boundary vault, m;    H k    is the excavation height of the face, m; and  φ  is the internal friction angle of surrounding rock, °.



Then, the settlement value of any point on the surface corresponding to the calculated section can be obtained as


  s  y  =  s  max    e  −    y 2    2  i 2       



(18)




where  y  is the distance between the calculation point and the center point of the settlement curve, m;  i  is the width of the settling trough, m; and    s  max     is the maximum surface settlement value of the calculated section, m. The calculation expression is


   s  max   =    V l      2 π   i    



(19)







The control effect of the pipe shed pre-support on stratum deformation can be quantitatively evaluated by calculating the stratum loss rate  η , the span of the surface settlement trough  i , and the maximum surface settlement    s  max     by selecting the proper calculation interface along the tunnel’s longitudinal direction.





4. Case Calculation and Verification


The portal section of the Birch Ridge Tunnel [23] is dominated by silty clay. The depth of the tunnel is 2.7 m, and the degree of the surface slope is 15°. The mechanical parameters of the surrounding rock are shown in Table 1. The design adopts a pipe shed with a length of 30 m, a circumferential spacing of 40 cm, and a pipe diameter of 108 mm (the thickness is 6 mm) for pre-support. The pre-support radius is 7 m. The actual excavation height of the upper steps is 3 m, and the excavation input per cycle is 0.6 m. According to the method of equivalent stiffness [17], the equivalent moment of inertia is 6.68 × 10−6 m4, and the equivalent elastic modulus of elasticity is 7.89 × 107 kPa.



Wang et al. [23] used field tests to obtain the flexural deformation of the steel pipe of the pipe roofs at the vault with the advancement of the palm face. The measured value shown in Figure 3 is the deformation of the steel pipe of the pipe roofs at the vault when the palm face is excavated to 22.5 m. Figure 3 shows the theoretical value for the deformation of the steel pipes in the pipe roofs at the vault when the palm surface is excavated to 22.5 m according to the calculational method for surrounding rock pressure proposed in this paper and the force deformation of the pipe roofs in Yu et al. [24].



Figure 3 shows that the theoretical size and distribution of the flexural deformation of the steel pipe at the vault are basically consistent with the measured data on site. Although the measured and calculated values show some differences at a distance of 22.5 to 27 m from the opening, their characteristics are basically the same. Therefore, it can be inferred that the error of the distance from the palm face to the opening of the hole is the reason for this difference and that the actual position of the palm face may be slightly farther than 22.5 m.



Contrast analysis demonstrates that the calculational method for the surrounding rock pressure proposed in this paper and the calculational method for force and deformation proposed in [18] correspond with actual working conditions. On this basis, it is reasonable to conduct a theoretical analysis of the pre-support effects of pipe roofs. The distribution of surrounding rock pressure borne by the pipe shed on different tunnel cross-sections is obtained by calculation as shown in Figure 4.



Figure 4 shows that as the tunnel progresses deeper, the burial depth of the tunnel becomes larger, and the size and distribution of the surrounding rock pressure acting on the steel pipes of each pipe roof also changes. The portal section of the tunnel was buried at a depth of 2.7 m. Additionally, the surrounding rock pressure on the steel pipe at the vault was 19.2 kN/m, and the surrounding rock pressure on the steel pipe at the arch springer was 39.4 kN/m, indicating a gradual increase from the vault to the arch springer. The tunnel was buried at a depth of 10.7 m and located 30 m from the portal section. The surrounding rock pressure on the steel pipe at the vault was 76.7 kN/m, and the surrounding rock pressure on the steel pipe at the arch springer was 97.7 kN/m. With an increase in depth, the position of the maximum surrounding rock pressure has a tendency to move to the spandrel between the arch springer on both sides. Here, the distribution of the surrounding rock pressure acting on each steel pipe on the cross-section and the rules following burial depth change can be seen. By introducing the calculated surrounding rock pressure into the stress and deformation calculation model of steel pipes, the deformation and formation loss ratio of steel pipes at different positions of each section can be obtained, as shown in Figure 5.



Figure 5 shows that in the early stage of excavation, the deflection deformation of the steel pipe and the formation loss ratio of each section increased rapidly. When the palm surface was excavated to 5 m, the deflection deformation of the steel pipe and the growth rate of the formation loss ratio became smaller and basically showed linear growth. The formation loss rate ultimately reached 5.5% at the end of the pipe roofs. This result also shows that in the early stages of excavation, the deformation of the steel pipe was not only affected by the change of the tunnel burial depth but also by the nonlinear deformation caused by the tunnel cycle construction process. Thus, the loss rate of the formation at this stage increased rapidly. When the deformation of the steel pipe accumulated to a certain extent, the deformation of the steel pipe was mainly affected by the change in burial depth, and the surrounding rock pressure increased linearly with a linear growth trend. Comparing the deflection deformation distribution of the pipe shed at three key positions (the vault, the haunch, and the arch springer) shows that, due to the distribution of the surrounding rock from the vault to the arch springer, the deflection deformation of the steel pipe gradually increased from the vault to the arch springer. However, the distribution of the deflection deformation of the steel pipe along the longitudinal length of the tunnel at different positions remained basically unchanged. The settlement distribution of the surface is as shown in Figure 6.



As shown in Figure 7, the width of the surface settlement trough is linearly distributed along the longitudinal direction of the tunnel after the excavation and support of the pre-support section of the pipe-roof. Here, the maximum settlement of the surface increases with an increase in the position of the opening and shows a converging trend, reaching 23.4 mm at the end of the pipe roofs.



In summary, the analysis model for pipe roofs proposed in this paper can be used to systematically predict the effects of pre-support for pipe roofs, enabling a theoretical analysis of the pre-support effect of the pipe shed. In a specific project, the design and construction parameters of the pipe roofs can be adjusted based on the theoretical prediction results to meet the requirements for controlling the deformation of the formation.




5. Discussion


Based on the above theoretical analysis of the pre-support effects of the pipe shed, we compared the control effects of the pipe shed on formation deformation under different design and construction parameters and proposed general conclusions for controlling formation deformation.



While keeping other design parameters unchanged, we investigated the distribution curves of the formation loss rate and the distribution curves of maximum surface subsidence for pipe diameters of 89, 108, 152, and 180 mm, as shown in Figure 8. The effect of pipe shed pipe diameter on pre-support was also studied. The equivalent section’s moment of inertia and the corresponding elastic modulus of the composite beam composed of a steel pipe and slurry are shown in Table 2.



Keeping the other design parameters unchanged, Figure 9 presents the distribution curves of the formation loss rate and maximum surface subsidence for pipe-shed design spacing of 40, 60, 80, and 100 cm. We also studied the effects of the circumferential spacing of the pipe shed on pre-support.



Keeping the other design parameters unchanged, Figure 10 shows the distribution curves of the formation loss rate and maximum surface subsidence for an excavation footage length per cycle of 0.5, 0.75, 1, 1.25, and 1.5 m. The influence of the excavation footage length on the pre-support effect was also analyzed.



Figure 8, Figure 9 and Figure 10 show that the ability of the pipe shed to control formation deformation is better when the pipe diameter is larger, the circumferential spacing is smaller, and the footage length of the cyclic excavation is shorter. To further study the correlation between steel pipe diameter, excavation depth, circumferential spacing, and formation deformation control, we investigated the influence of various design parameters on the formation loss rate using the formation loss rate at a distance of 30 m from the tunnel opening.



Figure 11 shows that, with the other conditions unchanged, a thicker pipe diameter corresponds to a smaller formation loss rate. However, with a continuous increase of the pipe diameter, the influence on the formation loss rate becomes increasingly smaller. This result indicates that when the diameter of the pipe used is small, replacing the steel pipe with one of a larger diameter can effectively improve the ability of the pipe shed to control the formation deformation. If a thicker steel pipe is selected and cannot control formation deformation, it is not economical to consider increasing the diameter of the steel pipe.



Figure 12 shows that, with the other conditions unchanged, the formation loss rate increases linearly with an increase in the hoop spacing of the tube shed. Reducing the circumferential spacing of the steel pipes can effectively improve the ability to control formation deformation.



Figure 13 shows that with the other conditions unchanged, the formation loss rate increases linearly with an increase in the footage length of the cyclic excavation. This result indicates that the footage length of cyclic excavation has an obvious influence on the pre-support effect of the pipe shed. During the construction process, the footage length of each cycle should be strictly controlled to ensure the pre-support effect.




6. Conclusions


	(1)

	
In this paper, a shallowly buried soft surrounding-rock tunnel is taken as the research object, and the mechanical calculation model of surrounding rock pressure on each steel pipe in the pipe shed is established by considering the application time of the pipe sheds. The distribution characteristics of the surrounding rock pressure, increasing gradually from the vault to the arch foot in the cross section of the tunnel, are discussed through a numerical example.




	(2)

	
Based on the stress and deformation calculation model of pipe sheds shallowly buried in a soft surrounding rock tunnel and the Peck formula, a theoretical analysis model of pipe sheds’ advanced protection effect was constructed, and a theoretical analysis method of pipe sheds’ advanced protection effect was proposed, which took the stratum loss rate, settlement trough width, and maximum surface settlement as evaluation indexes.




	(3)

	
The theoretical calculations were demonstrated to be reasonable and accurate based on a comparative analysis with field-measured data of a pipe roof at the entrance of the Huapiling tunnel. On the basis of these results, we obtained the longitudinal distribution of surrounding rock deformation and surface settlement along the tunnel by theoretically calculating the control effect of surrounding rock deformation and surface settlement after completing the excavation and pre-support protection section of the Huapiling tunnel entrance.




	(4)

	
Guided by the effects of pre-support, the influence of the main design, and the construction parameters for the steel pipe diameter, we analyzed the impact of circumferential spacing and excavation footage length on the pre-support effects of the pipe roof. According to the analysis, the following conclusions can be drawn. The smaller the circumferential spacing and the smaller the excavation footage length, the better the ability of the pipe roof to control the surrounding rock deformation; when the pipe diameter is small, increasing the pipe diameter can effectively improve the ability of the pipe roof to control formation deformation, and when the pipe diameter is large, the effect on controlling formation deformation by increasing the pipe diameter will no longer be obvious.




	(5)

	
In this paper, the pipe sheds of the shallowly buried soft surrounding-rock tunnel are taken as the research object, and the theoretical analysis method for pipe sheds’ pre-support effect and other related conclusions are put forward, which can provide a certain reference value for the design and construction of pipe sheds of similar projects.
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Figure 1. Schematic diagram of the bearing members of a pipe roof. 
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Figure 2. Schematic diagram of a cross section of the pipe roof pre-support. 
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Figure 3. Comparison between the calculated value and the measured value of pipe roof deformation. 
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Figure 4. Surrounding rock pressure distribution of steel pipes on different sections. 
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Figure 5. Distribution curve of steel pipe deflection deformation and ground loss rate. 
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Figure 6. Cloud map of surface settlement distribution. 
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Figure 7. Distribution curve of the width of the surface settlement trough and maximum surface settlement. 
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Figure 8. Influence of pipe diameter on formation deformation distribution. 
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Figure 9. Influence of circumferential spacing on formation deformation distribution. 
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Figure 10. Influence of the excavation footage length on the formation deformation distribution. 
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Figure 11. Relationship curve between the pipe diameter and formation loss rate. 
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Figure 12. Relation curve between circumferential spacing and formation loss rate. 
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Figure 13. Relation curve between the excavation footage length and formation loss rate. 
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Table 1. Mechanical parameters of the surrounding rock.
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	Parameter
	Base Bed Coefficient (kN/m3)
	Foundation Shear Modulus (kN/m)
	Unit Weight (kN/m3)





	Value
	28,000
	2800
	17.5
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Table 2. Combined section parameters of different pipe diameters.
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	Pipe Diameter (mm)
	89
	108
	152
	180



	Equivalent Moment of Inertia (m4)
	3.08 × 10−6
	6.68 × 10−6
	2.6 × 10−5
	5.15 × 10−5



	Equivalent Modulus of Elasticity (kPa)
	9.24 × 107
	7.89 × 107
	5.89 × 107
	5.07 × 107
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