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Abstract. In order to research the influence of the pre-support parameters of the 

pipe roof on the tunnel support effect of the large section and small spacing tun-

nels, the numerical analysis software MIDAS / GTS NX was used to model and 

analyze a new double-track tunnel. By changing the parameters such as pipe di-

ameter, pipe spacing, arrangement angle and grouting thickness, the numerical 

simulation of various working conditions was carried out, and the influence of 

pipe roof parameters on the stability control effect of surrounding rock of large 

section and small spacing tunnels was analyzed. The results show that increasing 

the diameter and reducing the spacing of the pipe roof can reduce the settlement 

of the crown. The optimal diameter of the pipe roof is 108 mm and the pipe spac-

ing is 0.4 m. Increasing the arrangement angle of the pipe roof has a good control 

effect on the deformation and failure of the middle rock pillar. Without other 

supporting measures, 180 ° can be selected as the optimal arrangement angle of 

the pipe roof. The optimized grouting thickness of the pipe roof is 1.0 m. When 

it is greater than this value, the control effect of increasing the grouting thickness 

on the stability of the surrounding rock is not obvious. 

Keywords: Closely spaced large section tunnels; Surrounding rock stability; Nu-

merical simulation; Pipe roof pre-support; Parameters optimization. 

1 Introduction 

With the acceleration of China 's urbanization process and the rapid growth of traffic 

volume, the structural form of large-section small-clearance tunnels has been more and 

more widely used in tunnel construction. The portal section of large section and small 

spacing tunnels often face the problems of shallow buried depth, poor surrounding rock 

conditions and insufficient self-stabilization ability. In the project, the method of ad-

vanced pipe roof pre-support is often used to ensure the stability of surrounding rock in 

the portal section.  
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In recent years, scholars at home and abroad have carried out some research on the
mechanism and control effect of pipe roof pre-support. Based on Winkle 's elastic foun-
dation model, Song et al. [1] established a stress analysis model of pipe roof considering
the overall influence of pipe roof grouting reinforcement area, then deduced the

https://doi.org/10.2991/978-94-6463-514-0_31
http://crossmark.crossref.org/dialog/?doi=10.2991/978-94-6463-514-0_31&domain=pdf


calculation formula of pipe roof deflection and internal force and revealed the support-
ing mechanism. Hisatake M et al. [2] showed that the maximum settlement of full-face
excavation with pipe roof pre-support was 1/4 of that without pipe roof pre-support
through model experiments. Ali Morovatdar. [3] conducted a numerical simulation of
the construction process of tunnel excavation and obtained the distribution of stratum
deformation caused by tunnel excavation. The results show that the settlement of tunnel
crown and ground surface is reduced by 76 % and 42 % respectively after using pipe
roof pre-support. By analyzing the measured data of a loess highway tunnel, Zhu et al.
[4] pointed out that the pipe roof can effectively reduce the ground settlement and re-
duce the stress of the supporting structure. However, most of the studies are only for
single-hole tunnels, and only the effect of pipe roofs on controlling vertical deformation
is studied. And there are few studies on the control effect and parameters influence of
pipe roofs on the overall structure of large-section small-clearance tunnels, especially
the middle rock pillar, so it is necessary to carry out relevant research.

Based on a practical project, this paper uses numerical simulation method to research
the influence of pipe roof parameters on the overall stability control of large-section
small-clearance tunnels, so as to provide reference for the design of pipe roof parame-
ters in similar projects.

2 Project Overview

The excavation span of a new double-line highway tunnel reaches 16.7 m, the excava-
tion height is 10.48 m, and the nearest distance of the excavation contour line is 10.85
m. It is a typical large-section small-spacing tunnel. The surrounding rock grade of the
double-line tunnel is grade V, and the initial support is equivalent to shotcrete. The
specific parameters are shown in Table 1. In addition, in order to ensure the stability of
the tunnel portal construction, the arch of the tunnel portal is supported by advanced
grouting pipe roof, the sketch of pipe roof pre-support is shown in Figure 1.

Fig. 1. Sketch of pipe roof pre-support.
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Table 1. Surrounding rock and tunnel lining parameters.

Material ρ(kg·m-3) E(GPa) ν c(kPa) ι (°) H(m)
Surrounding

rock
2000 1.3 0.39 100 22 -

Tunnel lining 2400 26.2 0.2 - - 0.3

3 Establishment of Numerical Model for Parameter Analysis of
Pipe Roof

The following assumptions are taken in the numerical simulation.[5]:
(1) The stratum is homogeneous, continuous and isotropic ideal elastic-plastic me-

dium;
(2) The influence of seepage and rock creep is not considered;
(3) When calculating the initial in-situ stress field, only the gravity stress is consid-

ered, and the influence of tectonic stress is not considered.
According to the Saint-Venant principle.[6], the influence range of stress redistribu-

tion is about 3-5 times of the excavation diameter. In order to reduce the influence of
boundary effect, the geometric size of the overall model is taken as 200 m, 100 m and
100 m in the X, Y and Z directions respectively. The fixed end constraint is added to
the bottom of the overall calculation model. The boundary of the top surface is set as a
free surface, and no constraint is added. The left and right boundaries are subjected to
the normal constraint in the X horizontal direction, and the front and rear boundaries
are subjected to the normal constraint in the Y vertical direction.

In this simulation, the tunnel is excavated by CD method, the left tunnel is excavated
first, and the right tunnel is excavated 30 m behind the left tunnel, the whole model
sketch is shown in Figure 2. The Mohr-Coulomb elastoplastic material solid element is
used to simulate the surrounding rock, the linear elastic material plate element is used
to simulate the tunnel lining, and the beam element is used to simulate the pipe roof.
The parameters of the grouting reinforcement area can be expressed by increasing the
elastic modulus by 20%-30% and the cohesion by 2-3 times.[7].

In order to analyze the influence of pipe roof parameters on tunnel support effect,
the main parameters such as pipe diameter, pipe spacing, arrangement angle and grout-
ing thickness of pipe roof in large section small clear distance tunnels are optimized.
Four groups of different pipe diameters (89 mm, 108 mm, 127 mm, 159 mm) are estab-
lished respectively by controlling the principle of single variable and keeping the other
parameters consistent. Four groups of different pipe spacing (0.6 m, 0.5 m, 0.4 m, 0.3
m); four groups of different arrangement angles (90 °, 120 °, 150 °, 180 °); four groups
of different grouting thickness (0.8 m, 1.0 m, 1.2 m, 1.4 m), a total of 16 sets of numer-
ical simulation models were analyzed. According to the stress deformation and failure
characteristics of large section and small spacing tunnels, the tunnel crown settlement,
horizontal convergence of arch waist and plastic failure ratio of middle rock pillar at
the monitoring section (y = 20 m) after tunnel excavation are selected as the character-
ization parameters of surrounding rock stability control. [8], so as to evaluate the
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supporting effect of pipe roof under different parameters. The elastic modulus and den-
sity of the pipe roof are calculated according to equation 1 and equation 2, respectively.
The cross-section parameters of different pipe roofs are shown in Table 2.

Fig. 2. Finite element analysis model.

Table 2. Cross-section parameters of pipe roof.

D(mm) T(mm) S(m2) I(m4) E(GPa) ρ(kg/m3) Sketch

89 4 6.2×10-3 3.1×10-6 76.2 3252.9

108 6 9.2×10-3 6.7×10-6 88.3 3464.8

127 8 1.3×10-2 1.3×10-5 96.2 3610.3

159 10 2.0×10-2 3.1×10-5 96.1 3608.4

1 1 2 2EI E I E I< ∗ (1)

1 1 2 2S S Sθ θ θ< ∗ (2)

Where E, I, ρ, S are the equivalent elastic modulus, the moment of inertia, the equiva-
lent density, and the area of the pipe roof; E1, I1, ρ1, S1 are the elastic modulus, the
moment of inertia, the density, and the area of the grouting concrete; E2, I2, ρ2, S2 are
the elastic modulus, the moment of inertia, the density, and the area of the steel pipe.

4 Effect Analysis of different Pipe Roof Pre-Support
Parameters

4.1 Analysis of the Influence of Pipe Diameter

Four groups of numerical models with different pipe diameters (89 mm, 108 mm, 127
mm, 159 mm) support parameters are used to calculate the average crown settlement,
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the horizontal convergence of the arch waist and the plastic failure ratio of the middle
rock pillar of the tunnel. The changes are shown in Figures 3, 4, 5. It can be seen from
the figure that the control effect of increasing the diameter of the pipe roof on the set-
tlement of the crown is obviously better than that of the horizontal convergence of the
arch waist and the plastic failure of the middle rock pillar. This is because the arrange-
ment range of the pipe roof is limited. Compared with the surrounding rock at the
crown, the surrounding rock on both sides of the tunnel is not well protected. In addi-
tion, the diameter of the pipe roof is not the bigger the better. When the diameter of the
pipe roof reaches 108 mm, the effect of increasing the diameter of the pipe roof on the
lifting control is extremely limited, which will lead to the increase of construction cost
and the difficulty of construction technology. Therefore, 108 mm can be selected as the
optimal diameter of the pipe roof.

Fig. 3. Crown settlement of different pipe
diameter.

Fig. 4. Horizontal convergence of different
pipe diameter.

Fig. 5. Pillar plastic failure ratio of different pipe diameter.
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4.2 Analysis of the Influence of Pipe Spacing

Four groups of numerical models with different pipe spacing (0.6m, 0.5m, 0.4m, 0.3m)
support parameters are used to calculate the average crown settlement, the horizontal
convergence of the arch waist and the plastic failure ratio of the middle rock pillar of
the tunnel. The changes are shown in Figures 6,7,8. From the figures, it can be seen that
the control effect of the reduction of the spacing of the pipe roof on the deformation of
the crown is obviously better than that of the horizontal convergence of the arch waist
and the plastic failure control effect of the middle rock pillar. When the spacing of the
pipe roof increases gradually, the deformation of the surrounding rock and the decrease
of the plastic ratio will gradually decrease. Especially when the spacing of the pipe roof
is less than 0.4 m, the deformation is almost not reduced by continuing to reduce the
spacing of the pipe roof. This shows that the effect of continuing to encrypt the spacing
of the pipe roof is general and not economical when the arrangement of the pipe roof
and the thickness of grouting are unchanged. On the whole, it is reasonable to choose
the optimal spacing of the pipe roof to be 0.4 m.

Fig. 6. Crown settlement of different pipe
spacing.

Fig. 7. Horizontal convergence of different
pipe spacing.

Fig. 8. Pillar plastic failure ratio of different pipe spacing.
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4.3 Analysis of the Influence of Arrangement Angle

Four groups of numerical models with different pipe roof arrangement angles (90 °,
120 °, 150 °, 180 °) support parameters are used to calculate the average crown settle-
ment, horizontal convergence of the arch waist and the plastic failure ratio of the middle
rock pillar of the tunnel. The changes are shown in Figures 9,10,11. It can be seen from
the figures that the control effect of the increase of the pipe roof arrangement angle on
the horizontal convergence of the arch waist and the plastic failure of the middle rock
pillar is better than that of the crown settlement. Especially when the arrangement angle
is increased to 150 ° and 180 °, the horizontal convergence and the plastic failure ratio
of the middle rock pillar are greatly reduced, and the control effect is very obvious. The
reason is that the deformation and failure of the middle rock pillar during the excavation
of the double-hole tunnel are mainly caused by the advance disturbance before the ex-
cavation of the tunnel and the unloading effect during the excavation, while the small
spacing tunnel is too narrow due to the middle rock pillar. The impact of these two
aspects is particularly obvious. The pipe roof joint grouting forms a shell-like structure
with good mechanical properties, which can not only bear a part of the upper surround-
ing rock load, but also play a role in controlling the load transfer to control the defor-
mation and failure of the surrounding rock. When the angle of the pipe roof is 150 °,
half of the area of the middle rock pillar is within the protection range of the pipe roof
shell. When the angle of the pipe roof is 180 °, the whole area of the middle rock pillar
is almost within the protection range of the pipe roof. Therefore, the mutual disturbance
between the small spacing tunnels can be greatly reduced, so that the arch waist con-
vergence and the plastic failure of the middle rock pillar can be controlled. Based on
the above analysis, in the absence of other supporting measures, from the point of view
of controlling the stability of rock pillars, 180 ° is selected as the optimal arrangement
angle of pipe roof.

Fig. 9. Crown settlement of different pipe
arrangement angle.

Fig. 10. Horizontal convergence of different
pipe arrangement angle.
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Fig. 11. Pillar plastic failure ratio of different pipe arrangement angle.

4.4 Analysis on the Influence of Grouting Thickness

Fig. 12. Crown settlement of different pipe
grouting thickness.

Fig. 13. Horizontal convergence of different
pipe grouting thickness.

Fig. 14. Pillar plastic failure ratio of different pipe grouting thickness.
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Four groups of numerical models with different grouting thickness (0.8m, 1.0m, 1.2m,
1.4m) support parameters are used to calculate the average crown settlement, horizontal
convergence of the arch waist and the plastic failure ratio of the middle rock pillar of
the tunnel. The changes are shown in Figures 12,13,14. It can be seen from the figures
that the control effect of increasing the thickness of grouting on the crown settlement
is better than the horizontal convergence of the arch waist and the plastic failure ratio
of the middle rock pillar. When the thickness of the grouting area continues to increase,
the decrease of the crown settlement displacement gradually decreases. After the thick-
ness of the grouting area reaches 1.0m, the decrease of the tunnel crown settlement is
basically small. This is because the grouting of the surrounding rock will also increase
its weight and increase the settlement value to a certain extent. With the increase of
grouting thickness, the horizontal convergence of the arch waist and the plastic failure
ratio of the middle rock pillar decrease evenly. In this study, the pipe roof arrangement
angle is 150 °, and about half of the middle rock pillar area is within the protection
range of the pipe roof shell. Increasing the grouting thickness can not only make the
middle rock pillar grouting area larger, but also make the left and right sides of the
grouting body close to the joint, which can better bear the upper load of the middle rock
pillar, which is conducive to the stability of the lower rock mass, thus playing a role in
the horizontal convergence of the arch waist and the stability control of the plastic ratio
of the middle rock pillar. Based on the above analysis, 1.0 m is selected as the optimal
grouting thickness.

5 Conclusion

In this paper, a three-dimensional finite element analysis model is established to opti-
mize the support parameters of the pipe roof in the large-section small-clearance tun-
nels, and the following conclusions are drawn:

κ The control effect of increasing the diameter of the pipe roof and reducing the
pipe spacing on the crown settlement of large-section and small-clearance tunnels
is better than the control effect of the horizontal convergence of the arch waist
and the plastic damage of the middle rock pillar. However, the diameter of the
pipe roof is not the larger the better, and the spacing is not the denser the better.
Considering the engineering economy, 108mm is selected as the optimal diameter
of the pipe roof, and 0.4m is selected as the optimal spacing of the pipe roof.

κ The shell structure formed by the pipe roof and the grouting body is helpful to
control the load transfer, reduce the disturbance and damage of the surrounding
rock within the arrangement range, and increase the arrangement angle of the pipe
roof has a good control effect on the deformation and damage of the middle rock
pillar. In the absence of other support measures, 180 ° is selected as the optimal
arrangement angle of the pipe roof.

κ Increasing the thickness of pipe roof grouting is helpful to control the settlement
of the crown, and can bear a certain load on the upper part of the middle rock
pillar. Considering the difficulty of construction, 1.0 m is selected as the optimal
grouting thickness of the pipe roof.

302             J. Zhang and G. Xu



References 

1. Song Z, Tian X, Zhou G and Li W. Theoretical Analysis of Mechanical Behavior of 

Advanced  Pre-support of Pipe-roof in Tunnel [J]. China Journal of Highway and 

Transport, 2020, 33(04):89-98. [CrossRef] 

2. M Hisatake, S Ohno. Effects of Pipe Roof Supports and the Excavation Method on the Dis-

placements above a Tunnel Face[J]. Tunnelling and Underground Space Technology, 2008, 

23(2): 120-127. [CrossRef] 

3. Ali M, Massoud P and Reza S. Effect of Pipe Characteristics in Umbrella Arch Method on 

Controlling Tunneling-induced Settlements in Soft Grounds[J]. Journal of Rock Mechanics 

and Geotechnical Engineering,2020,12(05):984-1000. [CrossRef] 

4. Zhu Y, He J and Li J. Support Mechanism and Monitoring Analysis of Pipe Roof Grouting 

for Loess Highway Tunnel in Shallow-buried Section[J]. Journal of Architecture and Civil 

Engineering, 2011, 28(1): 11-15. [CrossRef] 

5. Bi J, Liu W and Jiang Z. Analysis of Effects of Tunnel Excavation on Underground Pipeline 

[J]. Rock and Soil Mechanics, 2006, 27(8): 5. [CrossRef] 

6. Song S, Yin F. Sain Vaint Principle of Meshing in Finite Element Method and Its 

Application. [J]. Machinery Design & Manufacture, 2012, (8): 63-65. [CrossRef] 

7. Li Z, Han Y and Chen J. Optimization Design of Treatment Measures for Collapse Section 

of Xingqixiaying Tunnel [J]. Journal of Gansu Sciences, 2024, 36(02): 75-82+109. 

[CrossRef] 

8. Li R, Chen P and Zhang D. Numerical Study and Engineering Practice for Surrounding Rock 

Stability of Large Cross-sectional Triple Tunnels [J]. China Civil Engineering Journal, 2022, 

55(11): 83-95. [CrossRef] 

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.
        The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.

Research on Optimization of Pipe Roof Pre-Support Parameters             303

https://link.cnki.net/doi/10.19721/j.cnki.1001-7372.2020.04.009
https://doi.org/10.1016/j.tust.2007.02.002
https://doi.org/10.1016/j.jrmge.2020.05.001
https://link.cnki.net/doi/10.19815/j.jace.2011.01.003
https://link.cnki.net/doi/10.16285/j.rsm.2006.08.017
https://link.cnki.net/doi/10.19356/j.cnki.1001-3997.2012.08.024
https://link.cnki.net/doi/10.16468/j.cnki.issn1004-0366.2024.02.011
https://link.cnki.net/doi/10.15951/j.tmgcxb.21100998
http://creativecommons.org/licenses/by-nc/4.0/

	Research on Optimization of Pipe Roof Pre-Support Parameters in Closely Spaced Large Section Tunnels

