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Based on the existing model of pipe-roof considering the arching effect, combined with the mechanical model of pipe-roof when the tunnel is excavated to the end, a unified mechanical model of the elastic foundation beam for pipe-roof is established. Deflection and internal force calculation formulas of the model were derived. Combined with actual engineering cases, the model was compared and analyzed, and the parameters affecting the pipe-roof were analyzed by taking the unified model as an example. The results show that the established unified elastic foundation beam model can better represent the actual stress state of a pipe-roof and the model has strong applicability. The stress state of the pipe-roof at the end of excavation can be calculated by changing the boundary conditions of the model. When the diameter of the steel pipe is 108–114 mm, the supporting effect of the pipe-roof is similar. When Ec (elastic modulus of converging) > 40.0Eg (elastic modulus of ground rock), the excavation footage and the diameter of the steel pipe have little effect on the deflection and bending moment of the pipe-roof. Therefore, increasing the elastic modulus of the reinforced area is the most effective method to reduce the deflection and internal force of the pipe-roof. The longer the residual length of the pipe-roof in surrounding rock, the safer the tunnel will be during excavation. The economically reasonable value of the residual length of the pipe-roof in surrounding rock is 2–3 m.
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INTRODUCTION
With the development and utilization of underground space, many scholars are studying the failure mechanism of tunnel (Xiang et al., 2018; Chen et al., 2019). As a common auxiliary construction method that can effectively control the deformation of a tunnel in soft surrounding rock (Singh et al., 1995; Ocak, 2008; Aksoy and Onargan, 2010), pipe-roof pre-support technology has been widely used in the process of tunnel construction due to its advantages such as long-distance support, fast construction speed, and high safety (Miwa and Ogasawara, 2005; Han et al., 2021). The pipe-roof support is used to drill holes outside the outline of the tunnel to be excavated, insert steel pipes, and then, for grouting so that the slurry and surrounding rock form a bearing arch similar to the shell that bears the load from the upper part of the pipe-roof and restrain the deformation of the surrounding rock (Wang et al., 2018). Therefore, choosing a proper mechanical model of pipe-roof and designing reasonable pipe-roof parameters have an important influence on the control of tunnel deformation and construction safety.
The mechanical model of pipe-roof has been studied extensively by scholars at home and abroad. At present, there are mainly beam theory, arch shell theory, and elastic foundation beam theory in the analytical analysis of pipe-roof. In terms of beam theory, Xing and Xu (1999) simplified the opening section into a cantilever beam and the inner section into a simply supported beam to analyze the stress situation of the pipe-roof. However, the beam theory does not take into account factors such as the interaction between the pipe-roof and the surrounding rock and the supporting condition of the pipe-roof in the surrounding rock. Moreover, it simplifies the stress condition of the pipe-roof greatly, but its calculated value is generally different from the actual engineering. In the aspect of the theory of the arch shell, there are few pieces of research, mainly because the calculation of the force of the pipe-roof using the theory of the shell is complicated and the result is partially unsafe. In terms of elastic foundation beam, it is mainly divided into the Winkler elastic foundation beam model and Pasternak elastic foundation beam model with two parameters. Chang (1999) believed that the elastic foundation beam model could better simulate the mechanism of the pipe-roof and established the Winkler elastic foundation beam model for research. Based on the beam model of Winkler elastic foundation, Song et al. (2020a) established the stress analysis model of pipe-roof considering the integrity of the grouting convergence area and the delay of initial support, deduced the calculation formulas of pipe-roof deflection and internal force, and analyzed the excavation footage of pipe-roof and the diameter of steel pipe. Song et al. (2013) proposed the sorghum-spring structure model, developed the finite element software for calculating the bending moment and shear force of the steel pipe, and optimized the design parameters of the pipe-roof. Xiao et al. (2006) simplified the pipe-roof structure into a fixed beam and elastic foundation beam and then analyzed the mechanical effect of the pipe-roof structure in box culvert jacking in accordance with the bearing mechanism of the beam. Jia et al. (2010) considered the delay effect of initial support and established the Pasternak elastic foundation beam model and compared it with monitoring data. The results showed that the Pasternak model was closer to the actual stress situation. Li et al. (2011) monitored the deformation of the pipe-roof under a shallow-buried loess tunnel through the expressway and made an analytical calculation with the Pasternak elastic foundation model to analyze the deformation law of pipe-roof under stress. Wang et al. (2017) established the Pasternak elastic foundation model considering factors such as the delay of initial support, the time difference of stress release in the surrounding rock, and the uneven coefficient of formation and slope and solved the analytical solution of pipe-roof deformation by using the finite element idea and longitudinal shear stress transfer theory. Wu et al. (2019) established the model of anisotropic plate on an elastic foundation of pipe-roof based on the traditional beam model of elastic foundation of pipe-roof and compared the supporting effect of pipe-roof diameters of 76 and 108 mm, respectively, indicating that the diameter of the pipe-roof affects its effect of controlling the deformation of surrounding rock. Song et al. (2020b) used the elastic foundation beam, simply supported beam, and fixed supported beam model to calculate the force and deformation of pipe-roof and compared them with the monitoring data. The results showed that the elastic foundation beam and simply supported beam model could better reflect the mechanical behavior of pipe-roof. At present, the Winkler elastic foundation beam model and Pasternak double-parameter foundation beam model are mostly used for analytical analysis. The Winkler elastic foundation beam model has the characteristics of fewer parameters, is easy to determine, and has small effect of value error on the internal force. With the continuous development of analytical analysis, considering the delay of initial support, the change of the coefficient of subgrade reaction force and the load distribution of surrounding rock, integrity of grouting convergence area, and other factors, the results of the analytical analysis are closer to the actual monitoring values.
At present, there are many kinds of mechanical models for studying pipe-roof. In order to better study the actual forces of pipe-roof and make the models more practical and suitable for different situations, this article unifies the existing models. The unified elastic foundation beam model of the pipe-roof is obtained, the force and deformation of the pipe-roof are calculated based on specific engineering examples, and the calculation results of the model are analyzed. Finally, the influence parameters of the pipe-roof are analyzed.
THE ESTABLISHMENT OF A UNIFIED MECHANICAL MODEL OF PIPE-ROOF
Stress Analysis of Pipe-Roof Grouting Convergence Area
Steel pipes, arranged in a certain range outside the tunnel contour, form a convergence area similar to the shell with certain integrity through grouting and surrounding rock, as shown in Figure 1 (Song et al., 2020a). The pipe-roof shell and the surrounding rock bear the load of the excavation face together to restrain the deformation of the surrounding rock, prevent the collapse of the tunnel roof, and achieve the purpose of safe construction of tunnels.
[image: Figure 1]FIGURE 1 | Force analysis of the grouting area in the pipe-roof.
When the load is distributed symmetrically along the lateral direction of the shell, the longitudinal direction can be any load distribution. A longitudinal strip AB is cut along the length direction of the pipe-roof shell so that the radial displacement of each point on the cross section of the pipe-roof shell can be regarded as the deflection of the longitudinal strip AB. If the deflection at any cross section C is [image: image], then the radius of each point on the cross section of the shell at that point is shortened by [image: image], and the circumferential deformation caused by the shortened radius [image: image] is
[image: image]
where R is the radius.
The circumferential strain is
[image: image]
Corresponding to the compression strain, the circumferential stress on the cross section of the pipe-roof shell is
[image: image]
Then, the normal force N on both sides of section C on unit length is
[image: image]
If the normal forces on both sides are combined, the direction of the resultant force p must be along the radius direction, and its size is
[image: image]
Substituting Eq. 4 into Eq. 5, while taking into account [image: image], we get
[image: image]
where R is the radius of the pipe-roof convergence ring; t is the thickness of the convergence area; Ec is the elastic modulus of the convergence area; and b is the selected width of the unit body.
It can be seen from Eq. 6 that in addition to bearing the surrounding rock pressure that varies in the longitudinal direction, the longitudinal strip AB also receives p radial force that varies in the longitudinal direction. The direction of p is opposite to the direction of deflection [image: image], indicating that its function is to resist the deflection of the longitudinal strip. Therefore, the longitudinal bar AB can be compared to the foundation beam on which the reaction coefficient of the foundation is k = Etb/R2. According to this result, the theory of beam on the elastic foundation can be used to solve the internal force and deformation of the pipe-roof shell. This radial force p is mainly related to k, and k is related to the surrounding rock parameters and grouting parameters (t and E are related to the surrounding rock parameters and grouting parameters). The larger the k value, the better the integrity of the convergence area and the greater the effect of resisting the deflection of the longitudinal bars. The value of k represents the integrity of the convergence area. Therefore, the parameter k can characterize the integrity of the grouting convergence area. In a biased tunnel, because the load is not symmetrically distributed along the transverse direction of the pipe-roof shell, this analysis method cannot be applied.
Construction of a Unified Mechanical Model of Pipe-Roof
In the process of pipe-roof mechanics analysis, the steel pipes in the pipe-roof are often regarded as beams, and the surrounding rock above the excavation area is regarded as the downward load acting on the steel pipes, that is, the “load-beam model.”
At present, many scholars (Wu and Song, 2007; Wang et al., 2019) consider the pipe-roof as the Winkle elastic foundation beam to analyze the stress state of the pipe-roof. The Winkler elastic foundation beam model regards the foundation as composed of many independent springs, as shown in Figure 2. It ignores the characteristics of continuous deformation, and considered that the displacement of a point on the foundation has nothing to do with the stress of other points, only related to the foundation reaction coefficient k. The Winkler elastic foundation beam model is easy to calculate and is suitable for shallow-buried soft ground. Therefore, it is widely used to analyze the action mechanism of pipe-roof in shallowburied weak tunnels.
[image: Figure 2]FIGURE 2 | Winkler elastic foundation beam model.
According to the stress condition of the pipe-roof, as shown in Figure 3, the pipe-roof can be divided into A1O, the initial support section; OA2, the excavation section; A2B, disturbed section BC; and undisturbed section CD.
[image: Figure 3]FIGURE 3 | Schematic diagram of tunnel excavation and pipe-roof layout.
Figure 3 is simplified and combined with existing pipe-roof models, thus establishing a unified mechanical model of pipe-roof , as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Analysis model of the mechanical behavior of the pipe-roof.
The unified model considers the secondary lining and the early initial support, the deformation delay of the latest initial support, the arching effect of the pipe-roof grouting to form the integral pipe-roof arch, the excavation disturbance section, and the excavation undisturbed section.
When solving the unified mechanical model of tunnel pipe-roof, the following assumptions are made:
1) The steel pipe in the pipe-roof is simplified as a Winkler elastic foundation beam. It is considered that the secondary lining and early initial support have played a role and can effectively control the deformation of the surrounding rock. Point A is set as the fixed end.
2) The arch effect of the pipe-roof arch formed by pipe-roof grouting is considered.
3) Considering the delay of initial support deformation, it is regarded that the newly applied initial support does not provide the required support. The length of the pipe-roof without support is assumed to be 2 times the excavation footage; that is, s = 2a and ‘a’ is the excavation footage.
4) The equivalent elastic modulus of AB and BC beams is jointly determined by using a steel pipe and grouting mortar.
[image: image]
where E1, I1 is the elastic modulus and section moment of inertia of the grouting mortar; E2, I2 is the elastic modulus and section moment of inertia of the steel pipe.
5) The length of section BC in the disturbance area in front of the tunnel face is determined by the potential failure surface in front of the tunnel face; then, the distance of BC in the disturbance area is
[image: image]
6) The load on the upper part of the pipe-roof is determined according to the Terzaghi formula, and the acting length of the load is s + l.
[image: image]
[image: image]
where γ is the weight of the surrounding rock; B is the width of the excavated tunnel; c is the cohesion of the surrounding rock; λ is the lateral pressure coefficient of the surrounding rock; φ is the internal friction angle of the surrounding rock; h is the thickness of the rock covering the upper part of the pipe-roof; p is the ground load; and δ is the steel pipe spacing.
7) Considering the undisturbed section m, the deflection and bending moment of the pipe-roof will continue to be transmitted outside the disturbed area in front of the tunnel face.
According to the theoretical force model of the beam on an elastic foundation, the deflection differential equation is
[image: image]
The deflection differential governing equations of different sections are as follows.
The governing equation of section AB:
[image: image]
The governing equation of section BC:
[image: image]
The governing equation of section CD:
[image: image]
In the formulas, E is the elastic modulus of the pipe-roof, I is the moment of inertia of the pipe-roof, b is the width of the elastic foundation beam, k1 = EcD/R2, k2 = k3 = EcD/R2+k0, k0 is the foundation reaction coefficient before excavation, Ec is the elastic modulus of the convergence area, and R is the diameter of the arch.
The differential governing equation of each section is solved as follows.
Section AB：
[image: image]
Section BC：
[image: image]
Section CD (t=x−s−l)：
[image: image]
The boundary conditions are as follows： when x = 0, [image: image], [image: image];when x = s, [image: image], [image: image], [image: image], [image: image];when x = s + l, [image: image], [image: image], [image: image], [image: image]; and when x = s + l + m, [image: image], [image: image].
We substitute the boundary conditions into Eqs. 15–17 to obtain Eq. 18 of the system of equations, namely,
[image: image]
[image: image]
[image: image]
The following equation is obtained:
[image: image]
Equation 19 is written in matrix form, i. e,
[image: image]
The elements of matrix [A] are as follows:
[image: image]
[image: image]
[image: image]
[image: image]
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[image: image]
where F is defined as
[image: image]
The parameters MA、QA、 [image: image]B、θB、MB、QB、MC, and QC are obtained from the matrix and are substituted into Eqs. 15–17 to obtain the deflection, rotation angle, bending moment, and shear force of each section.
The Existing Mechanical Model of Pipe-Roof
Previous scholars have also conducted a lot of research on the mechanical model of the pipe-roof, in which they mainly considered the delay of the initial support, the change of the foundation reaction coefficient, and the uneven distribution of the surrounding rock load. The arch effect of the pipe-roof is less studied. Song et al. (2020a) considered the arching effect of the pipe-roof and established the pipe-roof model as shown in Figure 5. They simplified the pipe-roof into an elastic foundation beam, believed that the second lining had already played a role, and regarded point A as the fixed end. The surface is far from the front end of the pipe-roof, point C is outside the scope of influence of tunnel excavation, and point C is regarded as a fixed point.
[image: Figure 5]FIGURE 5 | The undisturbed segment is not considered.
The boundary conditions are as follows： when x = 0, [image: image], [image: image]; when x = s, [image: image], [image: image], [image: image], [image: image]; and when x = s + l, [image: image], [image: image].
When the tunnel is excavated to the end of the pipe-roof, due to the excavation of the lower rock body, the end of the pipe-roof hangs in the air. Most of the length of the pipe-roof has been pre-reinforced in the stratum. The suspended section is equivalent to a cantilever. The beam, based on the Winkler elastic foundation beam model, considers the delay effect of the initial support and the disturbance area in front of the tunnel. The pipe-roof model is established as shown in Figure 6. The pipe-roof is simplified to the elastic foundation beam, and the second lining is considered to have played a role. Point A is regarded as the fixed end, the tunnel face is closer to the front end of the pipe-roof, and point C is located within the influence range of the tunnel excavation and regarded as the free end.
[image: Figure 6]FIGURE 6 | Dig to the end.
The boundary conditions are as follows: when x = 0, [image: image], [image: image]; when x = s, [image: image], [image: image], [image: image], [image: image]; and when x = s + l, [image: image], [image: image].
The unified model is based on the existing pipe-roof model, which considers the arch effect of the pipe-roof, combined with the mechanical model of the pipe-roof when the tunnel is excavated to the end. It can be obtained by comparing the three models. The calculation length and boundary conditions of the model are different, but the unified model proposed in this paper can be simplified into the other two models according to engineering needs, and the factors considered are more comprehensive.
EXAMPLE CALCULATION
Through specific engineering examples, three models are used to calculate deflection, bending moment, and shear force and are compared with the data of numerical simulation and actual monitoring to verify the rationality of the model.
Deflection
The total length of the Erlang Mountain Tunnel is 4,160.0 m, and the tunnel section is large, and the geological conditions are poor. In order to ensure the safe construction of the tunnel entrance, the tunnel exit section is supported in advance by a pipe-roof. The overburden thickness of the tunnel is 10.0 m, the excavation height is 7.0 m, the diameter of the steel pipe is 102 mm, the thickness is 10.0 mm, the length is 30.0 m, the transverse installation spacing is 40.0 cm, the elastic modulus of the steel pipe is 200.0 GPa, the internal friction angle of the surrounding rock is 30°, and the unit weight of the surrounding rock is 22.0 kN/m3 (Jia et al., 2010). The three models were, respectively, used for calculation, and the calculated deflections are shown in Figure 7.
[image: Figure 7]FIGURE 7 | The deflection of the steel pipe in the pipe-roof.
Three models’ calculations in Figure 7 show that the change trend of the deflection curve is similar to that in the excavation, which has not been reaching the maximum supporting area. The pipe-roof completely assumes the overlying load current of the surrounding rock, the pipe-roof is in a bad condition, and the disturbed area, due to the calculation of the length and the different boundary conditions, causes the variation of the three models. When the tunnel is excavated to the end, the end of the pipe-roof is regarded as the free end, so the deflection does not tend to be zero at the end, indicating that the selection of the remaining length of the pipe-roof in front of the tunnel face has a significant influence on the effect of the pipe-roof when the tunnel is excavated to the end. The model of excavation to the end is almost consistent with the deflection curves of the unified model at the excavation and disturbed sections, which indicates that the unified model can be simplified to the model of excavation to the end.
Birgl tunnel is a classic case of domestic and foreign scholars studying the mechanical behavior of pipe-roof (Oke, 2016; Oke et al., 2016). The key Birgl tunnel parameters are listed as follows: the buried depth of the tunnel is 30–50 m, diameter of the steel pipe is 114.0 mm, wall thickness is 6.3 mm, transverse installation spacing is 40.0–50.0 cm, and cohesion is 0.03–0.06 MPa. (Oke, 2016). The calculation results of the three models were compared with the field measured values and Oke’s model (Oke, 2016), as shown in Figure 8.
[image: Figure 8]FIGURE 8 | The deflection of the steel pipe in the pipe-roof.
As shown in Figure 8, the maximum deflection values calculated by the three models appear behind the tunnel face, which are close to the position and value of the measured maximum values, indicating that the three models are reasonable to a certain extent. However, near the right end of the support, the deflection of the Song model is positive, indicating the phenomenon of upper arching of the steel pipe of the pipe-roof. Considering the undisturbed section, the disturbance tends to zero, and the steel pipe does not appear upper arching. It shows that considering the undisturbed section can solve the problem of the upper arch of pipe-roof to a certain extent. The deflection curves of the model excavated to the end are the same as those of the model considering the undisturbed section in the excavation area and the disturbed area. This is because the calculation formulas of the first two sections are the same. If the undisturbed section is considered, the disturbance will gradually approach zero with the increase of the length of the pipe-roof, which is consistent with the results of the monitored values and more in line with the actual situation.
Through the comparison of several models, it is found that the unified model is closer to the actual monitoring results, which can better reflect the real mechanical properties of the pipe-roof and can effectively solve the phenomenon of the upper arch of pipe-roof. In order to study the influence of the residual length of the pipe-roof on the deflection when the excavation reaches the end, only the boundary condition of the unified model needs to be changed and the length of the disturbed section needs to be adjusted.
Bending Moment and Shear Force
A subway tunnel in South Korea, which is located below the surface of weathered rock, is excavated. The buried depth of the tunnel is 20.0 m, excavation height is 5.0 m, diameter of the steel pipe is 114.3 mm, thickness is 5.6 mm, transverse installation spacing is 40.0 cm, elastic modulus of steel pipes E = 210.0 GPa, internal friction angle of surrounding rock φ = 30°, and the unit weight of surrounding rock γ = 21.0 kN/m3(Song, 2013). The bending moment and shear force calculated by the three models are shown in Figures 9, 10, and the results are compared and analyzed with the actual monitored values and the results calculated by MIDAS numerical simulation.
[image: Figure 9]FIGURE 9 | The bending moment of the steel pipe in the pipe-roof.
[image: Figure 10]FIGURE 10 | The shear force of the steel pipe in the pipe-roof.
According to Figure 9, the three models are consistent with the actual monitored values and the bending moment curve calculated by numerical simulation, indicating that the models are reasonable to a certain extent. The maximum bending moments all appear behind the tunnel face during tunnel excavation, that is, the excavated section without support. In the disturbed area, the bending moments gradually decrease, while in the undisturbed area, the bending moments gradually approach zero, indicating that the pipe-roof can effectively control the deformation of surrounding rock.
The maximum bending moment of the Song model also appears behind the tunnel face, but in the region of the disturbance, the bending moment increases with the decrease of the first, and the results are quite different from those of the other two models. This is mainly due to the disturbance area calculation length to the end and setting it as the fixed end, but the truth is it is not strictly a fixed end. The bending moment outside the disturbance area will continue to pass. Therefore, the bending moment value of the model increases in the disturbed area, and the phenomenon of upper arch appears.
As shown in Figure 10, the variation trend of the three models is consistent with the actual monitored data and the shear curve calculated by numerical simulation, indicating that the models are reasonable to a certain extent. In the unified model and the model excavated to the end, the shear force has a maximum value behind the tunnel face, that is, the excavated section without support. In the vicinity of the tunnel face, the shear force suddenly changes from positive to negative. In the disturbed area, the shear force gradually decreases, while in the undisturbed area, the shear force gradually approaches zero. The three models regard the two ends of the support as fixed ends, so there is a large shear force at the left end of the support. Without considering the undisturbed section of the curve and the other two models have bigger difference, shear at the end of the disturbed area appeared more negative because the model disturbance area is taken as a fixed end. At the end, the load outside the disturbance area will continue to be released, considering the undisturbed section in front of the constraints and conforming to the actual situation.
Through the concrete analysis of the three cases, the three models in this study are compared with other models, the actual monitoring data, and the calculated values of numerical simulation, and it shows that the three models are reasonable to a certain extent. The unified model can better reflect the mechanical behavior of the pipe-roof. It can not only solve the phenomenon of the pipe-roof arching at the end of the disturbed section but also choose the reasonable remaining length of the pipe-roof by changing the length of the disturbed section when the tunnel is excavated to the end.
The maximum value of deflection, bending moment, and shear force calculated by the unified model appears in the excavated and unsupported section behind the tunnel face. In the undisturbed region, it gradually becomes zero, and the pipe-roof can effectively pass near the constraints of the upper load without excavation area, which can effectively control the deformation of the tunnel and ensure the stability of the constraints during tunnel excavation. The arch effect of the pipe-roof formed by pipe-roof grouting is considered and the calculated maximum deflection is smaller than that of other models.
Through the calculation of several models, the results show that the unified model can be simplified to the model when the excavation is to the end of the model without considering the undisturbed section. Therefore, the boundary conditions of the unified model can be adjusted for different situations.
PARAMETER ANALYSIS
The protective effect of pipe-roof is related to the design of pipe-roof parameters, stratum parameters, and the way of tunnel excavation. However, for a specific tunnel project, the buried depth, surrounding rock level, and physical and mechanical parameters of the tunnel are generally determined. Therefore, the influence of the excavation footage, diameter, and elastic modulus of the grouting convergence area on the deformation and force of the pipe-roof is generally considered.
Excavation Footage
When the elastic modulus of the surrounding rock is Eg = 4 × 108 N/m2, the elastic modulus of the convergence area is Ec = 1 × 107 N/m2. The load q = 220 kN/m2, the diameter of the steel pipe is 89 mm, and the excavation footage is 1, 1.25, 1.5, 1.75, and 2 m, respectively. The deflection and bending moment curves of the pipe-roof are drawn, respectively, as shown in Figure 11. The influence of excavation footage on the deflection and bending moment of the pipe-roof is analyzed.
[image: Figure 11]FIGURE 11 | The relation between excavation footage and deflection and bending moment when the diameter is 89 mm.
It is shown in Figure 11 that the deflection and bending moment of the pipe-roof are positively correlated with the excavation footage. With the increase of excavation footage, the deflection and bending moment also increase. When the excavation footage is 1, 1.25, 1.5, 1.75, and 2 m, the deflection of the pipe-roof increases by 66% and 68, 54, 52%, and the bending moment increases by 42%, 37, 27, and 24%, respectively, with the increase of each excavation footage. When the excavation footage a = 1.5 m, the maximum deflection of the steel pipe is 2.8 times that of the steel pipe when a = 1 m, and when the excavation footage a = 2 m, the maximum deflection of the steel pipe is 6.5 times that of the steel pipe when a = 1 m, indicating that with the gradual increase of the excavation footage, the deflection deformation of the steel pipe is gradually larger.
In the process of tunnel excavation, the deflection curve of the pipe-roof becomes grooves, and the grooves of the curve gradually move forward and down along with the advance of the tunnel face. The maximum value appears behind the tunnel face, that is, the excavated section without support, indicating that the pipe-roof can transfer the load and pressure on the surrounding rock to the nearby tunnel face. In the disturbed section in front of the tunnel face, the deflection decreases gradually, while in the undisturbed section, the deflection tends to zero, which indicates that the pipe-roof can effectively control the deformation of surrounding rock and play a supporting role in advance. The bending moment also increases with the increase of the excavation footage, and the maximum positive bending moment appears behind the face of the tunnel, and the maximum negative bending moment appears in front of the face of the tunnel, indicating that the pipe-roof can effectively bear the bending moment after tunnel excavation, and the bending moment borne by the pipe-roof gradually increases with the increase of the excavation footage.
The Diameter
When the elastic modulus of surrounding rock is Eg = 4 × 108 N/m2, the load q = 220 kN/m2, the excavation footage is 1.5 m, and the diameters are 89, 102, 108, 114, and 159 mm, the deflection and bending moment curves of the pipe-roof are drawn, respectively, as shown in Figure 12. The influence of the diameter of the steel pipe on the deflection and bending moment of the pipe-roof is analyzed.
[image: Figure 12]FIGURE 12 | The relation between diameter and deflection and bending moment.
As can be seen in Figure 12, the deflection is negatively correlated with the diameter of the steel pipe, while the bending moment is positively correlated with the diameter of the steel pipe. When the diameters of the steel pipes are 89, 102, 108, 114, and 159 mm, the deflection decreases by 23% 10, 9, and 46%, and the bending moment increases by 19% 8, 7, and 52%, respectively, indicating that when the diameters of the steel pipes are 108 and 114 mm, the effect of the steel pipe is similar. When considering economic factors, it is more economical to choose a steel pipe with a diameter of 108 mm. When the condition of surrounding rock is poor, choosing large diameter can better control the deformation of surrounding rock. The size of the diameter of the steel pipe affects the stiffness of the pipe-roof, that is, the diameter of the steel pipe, and the stiffness of the pipe-roof is large, which will affect the bending stiffness of the pipe-roof. The bending stiffness is large, and the deflection of the steel pipe becomes smaller and the bending moment becomes larger under the action of the surrounding rock load. When the diameter of the steel pipe is the largest, the bending moment it bears is also the largest, indicating that after tunnel excavation, the larger the diameter of the steel pipe is, the greater the pressure of the upper surrounding rock will be. In front of the tunnel face, the bending moment is negative, that is, the direction is vertical and downward, mainly because the pipe-roof in this section has played a role to bear them pressure of the overlying surrounding rock. In the excavated area behind the tunnel face, the bending moment of the pipe-roof has both negative and positive values. The main reason for the positive and negative values is that the pipe-roof can interact with the initial support and jointly bear the load pressure of the surrounding rock.
Elastic Modulus of the Convergence Area
Considering the elastic modulus of the convergence area, that is, considering the arch effect of the whole pipe-roof arch formed by pipe-roof grouting, the elastic modulus of different sizes of the convergence area was selected to analyze the influence of the elastic modulus of the convergence area on the deflection and bending moment of the pipe-roof.
When the elastic modulus of the surrounding rock is Eg = 4 × 108 N/m2 and the elastic modulus of the convergence area is Ec = 1 × 107 N/m2, Ec = 4 × 108 N/m2, and Ec = 4 × 109 N/m2, the tunnel excavation footage and the deflection and bending moment curves of the pipe-roof under different diameters are drawn, as shown in Figure 13.
[image: Figure 13]FIGURE 13 | When the diameter is 89 mm, the relation between excavation footage and deflection and bending moment under different elastic moduli of convergence area.
It can be seen from Figure 13 that the deflection and bending moment of the pipe-roof gradually decrease with the increase in the elastic modulus of the convergence area. When the elastic modulus of the convergence area is Ec = 1 × 107 N/m2, the deflection and bending moment of the pipe-roof increase with the increase of excavation footage, and the increase range is very large. When the elastic modulus of the convergence area is Ec = 4 × 109 N/m2, that is, Ec = 40Eg, and the excavation footage increases from 1 to 2 m, the deflection and bending moment of the steel pipe do not increase much, indicating that the deflection and bending moment of the steel pipe do not change much with the change of excavation footage when the elastic modulus of the convergence area is much larger than that of the surrounding rock. It shows that the elastic modulus of the reinforcement area has a greater impact on the deflection and bending moment of the steel pipe. The elastic modulus of the reinforcement area is related to the grouting effect of the pipe-roof and the spacing of the pipe-roof. Therefore, in the actual project, changing the excavation footage is not the most effective way to reduce the deflection and bending moment of the pipe-roof. The grouting effect of the pipe-roof should be optimized and the spacing of the steel pipe should be arranged reasonably. When Ec > 40Eg, choosing the larger excavation footage can realize the safe and fast construction of the large excavation footage of the pipe-roof and save the construction period.
When the excavation footage is 1.5 m, the elastic modulus of surrounding rock is Eg = 4 × 108 N/m2, and the elastic modulus of convergence area is Ec = 1 × 107 N/m2, Ec = 1 × 108 N/m2, Ec = 4 × 108 N/m2, Ec = 1 × 109 N/m2, Ec = 4 × 108 N/m2, Ec = 4 × 109 N/m2, and Ec = 4 × 109 N/m2. The curve of diameter, deflection, and bending moment are drawn, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | The relation between the diameter of the steel pipe and deflection and bending moment under different elastic moduli of reinforcement.
It can be seen from Figure 14 that the deflection and bending moment of the pipe-roof decrease with the increase in the elastic modulus of the convergence area. When the elastic modulus of the reinforced area is less than that of the surrounding rock, the deflection and bending moment of the pipe-roof are relatively large. When the elastic modulus of the reinforced area is much larger than that of the surrounding rock, the deflection and bending moment of the pipe-roof have small values. When the diameter is 89 mm, the elastic modulus of the convergence area increases from 1 × 107 N/m2 to 4 × 108 N/m2, and the deflection and bending moment are reduced by 47 and 51%, respectively. When the elastic modulus of the convergence area increases from 4 × 108 to 4 × 109 N/m2, the deflection and bending moment of the pipe-roof decrease by 83 and 82%. It shows that the deformation of surrounding rock can be effectively controlled when the elastic modulus of the convergence area is much larger than that of surrounding rock. The deflection of the pipe-roof decreases with the increase in the diameter of the steel pipe, and the bending moment of the pipe-roof increases with the increase in the diameter of the steel pipe. When the elastic modulus of the convergence area is Ec = 1 × 107 N/m2 and Ec = 4 × 109 N/m2, respectively, and the diameter of steel pipe increases from 89 to 159 mm, the deflection decreases by 66 and 25%, and the bending moment increases by 108 and 104%, respectively. Results show that the diameter of the change on the influence of deflection is bigger, when the elastic modulus of the reinforced area is greater than the surrounding rock elastic modulus, thus increasing the diameter of steel pipe, and the pipe-roof deflection of change is very small. In actual engineering, simply increasing the diameter of steel pipe cannot effectively control the deformation of the surrounding rock. Increasing the elastic modulus of convergence area can significantly improve the advanced pre-support effect of pipe-roof.
Remaining Length of Pipe-Roof in Surrounding Rock
For the remaining length of the pipe-roof in the surrounding rock when the tunnel face is close to the front end of the pipe-roof, calculate the deflection and bending moment curve of the pipe-roof when the remaining length of the pipe-roof is 1.0 m, 1.5 m, 2.0 m, 2.5 m, 3.0 m and 4.0 m, as shown in Figure 15, so as to determine the most economical reserved length at the end of the pipe-roof construction on the premise of ensuring safety.
[image: Figure 15]FIGURE 15 | The deflection and bending moment curves of the pipe-roof with different remaining lengths.
As can be seen in Figure 15, the maximum deflection and its position are situated near the constraints, suggesting that during tunnel excavation, the pipe-roof can effectively bear the overlying load of surrounding rock, as the growth of the pipe-roof in the remaining length of the surrounding rock, the deflection curve is more and more gentle, shows that the longer the residual length of pipe-roof in the surrounding rock, the safer is tunnel excavation. The change of bending moment is not very significant. Under different residual lengths, the maximum bending moment and the position of the pipe-roof are all near the tunnel face. Considering the economic factors, it is most economical to choose the residual length of 2–3 m in the surrounding rock.
CONCLUSION
In this study, a unified elastic foundation beam model for pipe-roof was proposed by combining the elastic foundation beam model considering the arch effect with the model during excavation to the end. Through a specific case, the three models were compared and analyzed, and the unified model was taken as an example to analyze the influence of different parameters on the stress and deformation of pipe-roof. The main conclusions were as follows:
1) Through the specific case analysis, three kinds of model and the results are consistent with field monitoring data, showing that the three kinds of model can better reflect the pipe-roof mechanical behavior, and the unified model in this paper can solve the arch up phenomenon of steel pipe at the end of disturbed area; owing to the strong practicability of the model, changing the boundary conditions of the model can calculate the actual stress of the pipe-roof when the tunnel is excavated to the end.
2) Unified model calculated the maximum deflection, bending moment, and shear force in excavation, which has not been supporting in the behind of the constraints. In the undisturbed region, it gradually becomes zero so that the pipe-roof can effectively pass near the constraints of the upper load without the excavation area, which can effectively control the deformation of the tunnel and ensure the stability of the constraints during tunnel excavation.
3) Through the analysis of the pipe-roof parameters, it is found that the deflection and bending moment of the pipe-roof are positively correlated with the excavation footage. The deflection of the pipe-roof is negatively correlated with the diameter of the steel pipe, while the bending moment is positively correlated with the diameter of the steel pipe. Therefore, it is more economical to choose the steel pipe with smaller excavation footage and 108 mm during construction.
4) When Ec = 40.0Eg, the excavation footage and diameter of steel pipe have little influence on the deflection and bending moment of the pipe-roof. Therefore, simply changing the excavation footage and diameter of the steel pipe has little influence on the mechanical properties of the pipe-roof. Increasing the elastic modulus of the convergence area is an effective method to reduce the deflection and internal force of the pipe-roof.
5) When the tunnel is excavated to the end of the pipe-roof, the longer the residual length of the pipe-roof in the surrounding rock, the safer the tunnel will be during excavation. The economically reasonable value of the residual length of the pipe-roof in the surrounding rock is 2–3 m.
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