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The pipe roof is an effective means to control the surface settlement during the
construction of the super-shallow buried subway station. The transverse pipe roof
method can not only reduce the construction work surface, but also improve the
construction efficiency by multi-stage flow construction. Based on the transfer
station project of the Olympic Sports Center of Jinan Rail Transit Line 3, the
ground settlement law caused by the excavation of ultra-shallow buried subway
station under the action of transverse pipe roof is analyzed through field
measurement. The mechanism of pipe roof controlling ground settlement and
the influence of steel pipe spacing and steel pipe length on the bearing
mechanism of pipe roof are analyzed by numerical simulation. The following
conclusions are drawn. 1) The surface settlement curve caused by the excavation
of the small pilot tunnel in the lateral direction of the station is a wavy U-shaped,
and the surface settlement curve becomes a smooth U-shaped after the soil is
broken. In the longitudinal direction of the station, the surface settlement is
jagged, and the surface settlement above the pipe roof is less than the surface
settlement between the pipe roofs. 2) After soil excavation, pipe roof can bear the
load of surrounding rock and restrain the settlement of soil above, and soil arch
effect is formed between pipes to restrain the relaxation of soil between pipes.
With the increase of the spacing of the steel pipe, the height of the soil arch
increases. After exceeding a certain spacing, the micro-soil arching effect
disappears and the surface settlement increases. 3) The length and stiffness of
pipe roof will affect the bearing capacity of pipe roof and there is an upper limit.
When it exceeds the upper limit, increasing the length or stiffness of pipe roof has
little effect on the control effect of ground settlement. The research can provide
reference for shallow buried excavation station and other projects.
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1 Introduction

As urban rail transit is developed, subway stations will inevitably pass through densely
populated city centers with large traffic flow. The construction of these stations should not
affect the normal use of existing buildings. The pipe roof method involves pre-jacking steel
pipes in the upper peripheral soil layer of a structure and forming an advanced support
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system that can resist upper loads by setting a connection between
the steel pipes or changing the structure between adjacent steel pipes
(Wang et al., 2020; Cai et al., 2022; Zhang et al., 2022). Because this
method can realize micro-disturbance crossing of an environment
under the condition of ultra-shallow overburden soil, and the
construction area is relatively small, it is very suitable for the
construction of underground structures in current densely
populated urban spaces (Wang et al., 2018; Lu et al., 2022), such
as the shield section project of the BeijingMetro Line eight under the
existing Line 10 (Tao et al., 2018), the ultra-shallow buried Ping anli
subway station project of Line 10 (Gao, 2018), and the construction
project of Taiyuan Yingze Street under the Taiyuan Railway Station
(Jia et al., 2021).

Many scholars have carried out a considerable amount of
research on the mechanical behavior of pipe roof excavation. Xie
et al. (2019a); Xie et al. (2019b) studied the excavation mechanical
properties of a pipe roof under a rectangular cross-section by the
limit analysis method and found that the pipe roof plays an
important role in reducing ground settlement and earth pressure.
Wu et al. (2018) found that the pipe roof can effectively reduce the
settlement of the surface vault and the grouting can limit the
development of a plastic zone by numerical simulation of the
combined effect of pipe roof and rock grouting reinforcement.
Considering the interaction between pipes, Yang et al. (2019)
established a two-parameter elastic foundation beam theoretical
model based on the soil arching effect between pipes and used

FIGURE 1
Pipe curtain arrangement form.

FIGURE 2
Geographical location of the station.
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this model to calculate the deflection and internal force of the pipe
roof. Through laboratory experiments and numerical simulation,
Deng et al. (2021) proposed a method considering the interaction
between pipes and soil to analyze the frictional resistance during
pipe jacking. Li et al. (2022) established a mechanical model of the
pipe roof considering the soil arching effect and the time-space effect
of stress release. Based on the Pasternak elastic-plastic foundation
beam theory, the internal force and deflection solutions of the pipe
roof were derived. Considering the influence of a three-dimensional
arching effect, Ji et al. (2018) used the improved Protodyakonov arch
model to calculate the vertical earth pressure above the pipe roof and
quantified the contribution of soil cohesion to reduce the vertical
earth pressure. Shi et al. (2021) found that the stress state of the pipe
roof is divided into three parts with the excavation process by
numerical simulation and field monitoring. Heng et al. (2022)
proposed a calculation model based on deformation control
based on the change in the pipe roof construction process and
found that the deformation of the pipe roof at the entrance and
middle span was large. In terms of the influencing factors of the pipe
roof, through numerical simulations, An et al. (2021) found that
increasing the pipe diameter, reducing the aspect ratio, and reducing
the excavation height can improve the stability of the tunnel surface.

Zarei et al. (2019) analyzed the process of tunnel excavation under
the action of a pipe roof by numerical simulation and found that
increasing the parameters of pipe roof can reduce the surface
settlement and internal force of the pipe roof.

A transverse pipe roof can form a transverse bearing system with
large stiffness in a pilot tunnel. The construction joints are simple,
and the force transmission is clear (Guo, 2019; Zhang et al., 2021).
Presently, research has mainly focused on the bearing mechanism in
the construction process of longitudinal pipe roofs, and research on
transverse pipe roofs is limited. Compared with the longitudinal
pipe roof, the transverse pipe roof can be achieved through
segmented flow construction, improving the construction
efficiency. Furthermore, as the steel pipe is short, its construction
is easy to perform, and it is easy to meet control requirements. Two
kinds of pipe roof arrangements are shown in Figure 1. Based on the
transfer station process of the Olympic Sports Center Line of Line
R3 of the Jinan Rail Transit, through field monitoring and numerical
simulation, this paper studies the mechanism of surface settlement
control by a transverse pipe roof and the influence of pipe spacing
and length on its bearing mechanism. The findings of this study can
serve as a reference for other underground projects under the action
of transverse pipe roof.

FIGURE 3
Longitudinal profile of the stratum of the station.

TABLE 1 Building materials and station support parameters.

Name Volumetric weight Elastic modulus (GPa) Poisson ratio Angle of internal friction Cohesion

1 Miscellaneous fill 19 kN·m−3 0.006 0.35 10 8 MPa

2 Silty clay 19.2 kN·m−3 0.015 0.3 15 30 MPa

3 Semi-weathered granite 26 kN·m−3 0.2 0.17 35 200 MPa

4 Steel tube 78.5 kN·m−3 206 0.26 – –

5 Mortar 20 kN·m−3 20 0.3 – –

6 Spray mixing 22 kN·m−3 20.4 0.2 – –
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2 Engineering scenarios

The transfer station project of theWest Station of theOlympic Sports
Center along the JinanRail Transit R3 Line is located at the intersection of
Jingshi Road and Olympic SportsWest Road in Jinan City. It is arranged
in a one-word shape along the east-west direction of Jingshi Road. The
northwest quadrant of the station is Sinopec Gas Station, the north side is
near the Golden Age Square, and the south side is the Olympic Sports
Center. The surrounding traffic volume is considerable, and the pipelines
are large. The proposed station is an underground two-story double-

column island platform station, with a total outsourcing length of 273m
and a total outsourcing width of 24.1 m for the standard section. The
transfer node with the R2 line has been implemented for 31.15 m. The
overburden of the station roof is 3.8–4.4 m, and the depth of the
foundation pit is about 18.5 m. Figure 2 shows the geographical
environment and surrounding buildings of the project.

According to the geomorphological characteristics, the site
geomorphic units are mainly hills and residual hills. The terrain,
which is undulating, changes greatly. The ground elevation is
87.25–132.39 m. The soil in this area belongs to the quaternary
stratum, which is composed of artificial fill, silty clay, gravel, and
gravel-containing silty clay. The surrounding soil of the roof of the
station in the underground excavation section is mainly plain fill and
silty clay. The stratum distribution in the construction area of the
station is shown in Figure 3, and the physical and mechanical
parameters of the soil layer are shown in Table 1.

3 Transverse pipe roof method and
construction monitoring of subway
station

3.1 Construction of subway station by
transverse pipe roof method
transverseabrication of specimens

Pipe roof excavation is adopted for the transfer station of the Jinan
Olympic Sports Center West Station. Using this method, transverse
channels can be established in three shafts respectively. Each transverse

FIGURE 4
Sequence diagram of station construction.

FIGURE 5
Large sample of pipe roof.
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channel can meet the excavation requirements, so as to realize the flow
construction of multiple construction sections and improve the
construction efficiency. At the same time, compared with large
section excavation, small pilot tunnel excavation method is more
convenient. First, the pipe roof foundation pit is set up in the green
belt area of the main road and auxiliary road of Jingshi Road. Pipe
jacking construction is carried out on the north and south sides through
the pipe roof foundation pit. After jacking and docking of the entire pipe
roof, the pipe roof foundation pit is backfilled. Four-pilot tunnel
excavation is adopted for the station. First, the transverse channel is
excavated from three construction shafts to the other side at the same
time, and then the longitudinal excavation is carried out by means of a
small pilot tunnel. Pilot tunnels 2# and 4# are excavated before pilot
tunnels 1# and 3#. After the excavation of the pilot tunnel is completed,
the independent foundation, bottom longitudinal beam, side pile,
middle column, crown beam and top longitudinal beam are
constructed in the pilot tunnel, then the arch is excavated and
constructed, and finally the soil is excavated layer by layer and the
internal structure of the station is constructed. The construction process
of the pipe roof and the main body of the station is shown in Figure 4.

The construction method of the pipe roof is that the pipe roof is
excavated at the same time, and the Φ406 × 18 mm steel pipe is
jacked into the section. The length of the single section is 3.0–3.5 m,
and the pipe joint is welded by carbon dioxide protection welding.
Finally, M20 cement mortar is used to fill the steel pipe. A large
sample of the tube roof is shown in Figure 5.

3.2 Field monitoring of super shallow
excavation station

In order to reduce the influence of the transverse passage on field
monitoring, the DBC58 section, which is about 20 m away from the
transverse passage, is taken as the research object. Themeasuring points
from north to south are T-1–T-10, among which the measuring points
T-3, T-5, T-7, and T-9 are within the span of the small pilot tunnel. A
certain area above the 3# pilot tunnel is taken as the research object in

the longitudinal direction of the station. The measuring points from
north to south are L-1–L-10. Figure 6 is the arrangement of measuring
points and field monitoring diagram.

Figure 7 shows the on-site surface monitoring results. The cross-
sectionalmonitoring data of the station shows that the surface settlement
increases considerably during excavation of the pilot tunnel, and the
excavation of the platform layer has a relatively small impact on the
surface settlement. In addition, the surface settlement curve during
excavation of the pilot tunnel shows a wavy shape, and the soil
settlement at the excavation site is significantly higher than that of
the surrounding soil. The surrounding soil plays a supporting role in the
pipe roof structure; after themiddle soil is broken, the wave in the surface
subsidence curve disappears. According to an analysis of the longitudinal
monitoring data of the station, the surface settlement curve exhibits a
jagged change. After excavation of the 1# and 3# pilot tunnels, the
settlement value of some points is significantly higher than that of their
adjacent points. After excavation of the platform layer, the surface
settlement curve exhibits a wavy shape. In addition, the surface
settlement during the excavation of the pilot tunnel accounts for a
large proportion, and the excavation of the platform layer has little effect.

4 Numerical simulation of super
shallow excavation station
construction

4.1 Calculation model establishment

The finite element analysis software is used to simulate the
construction stage of the main body of the station under the bearing
of the pipe roof. According to the actual construction influence range of
the project, a three-dimensional model is established as shown in
Figure 8. The size of the calculation model is 100 (transverse) × 20
(longitudinal) × 40 m (depth). The Drucker–Prager constitutive model
is adopted for the soil. The solid element and elastic constitutive model
are adopted for the steel pipe group and mortar in the pipe roof
structure, respectively. The spray mixing structure adopts 2D plane

FIGURE 6
Measuring point layout.
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plate element. The bottom of the model boundary condition is a fixed
end constraint, and the side boundary is a free hinged constraint in the
Z direction. The building materials and tunnel support parameters are
shown in Table 1.

4.2 Analysis of ground settlement

The surface settlement cloud map of each stage during the
construction of the station under the advanced support of the pipe
roof is shown in Figure 9. Figure 10 is the surface settlement curve of
each stage. The numerical simulation results exhibited that, after the
excavation of the lower soil, the corresponding surface has a significant
settlement. After the excavation of pilot tunnels 2# and 4# and before
the excavation of pilot tunnels 1# and 3#, the surface settlement is
concentrated above pilot tunnels 2# and 4#, and the settlement in other
areas is lower; after the excavation of pilot tunnels 1# and 3# is

completed, the settlement of the soil above tunnels increases
significantly and aggravates the surface settlement in other areas.
The settlement of the soil above pilot tunnels 2# and 3# is large,
and the entire surface settlement curve assumes a wavy U-shape. The
settlement of the soil above the unexcavated area is relatively small,
which plays a supporting role in the pipe roof structure. After the soil
layer (middle soil) between the pilot tunnels is broken, the settlement
curve changes from awavyU-shape to a relatively smoothU-shape, and
the maximum surface settlement occurs in the middle of the station.
After the excavation of the platform layer, the surface settlement trend is
consistent with the trend after the middle soil is broken.

Previous studies have revealed that excavation of pilot tunnels and
removal of supporting structures are the key to surface subsidence control
(Guo et al., 2021; Song et al., 2022). After the excavation of pilot tunnel 2#
and 4#, the ground settlement above the excavation is large, with a
maximumvalue of 8.3 mm; after excavation of pilot tunnels 1# and 3#, the
surface settlement increases significantly, and the maximum settlement

FIGURE 7
Measured field data.
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increases to 20.2 mm. Compared with the excavation process of pilot
tunnels 2# and 4#, the maximum settlement increases by 140%, and the
surface settlement range expands. The surface settlement has a U-shaped
curve, with a large settlement in the middle and a small settlement at both
ends. After themiddle soil is broken, themaximum settlement increases to

24.9mm, which is an increase of 4.7 mm, accounting for about 45% of the
settlement value in the excavation stages of pilot tunnels 2# and 4#, and the
maximumsettlement position appears above pilot tunnels 2# and 3#.After
the excavation of the platform layer, the maximum surface settlement is
26.5mm, an increase of 1.6mm.

FIGURE 8
Three-dimensional finite element model.

FIGURE 9
Surface subsidence cloud map.
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In order to study the characteristics of surface subsidence in the
longitudinal direction of the station, the surface subsidence curves
above pilot tunnels 2# and 3#, and above the middle soil are
extracted. The position of the survey line is shown in Figure 11.
The survey line A is located above pilot tunnel 2#, the survey line B is
located above pilot tunnel 3#, and the survey line C is located above
the middle soil. The surface settlement curve is shown in Figure 12.

Figure 12A shows that, when pilot tunnels 1# and 3# are not
excavated, the surface settlement is approximately a smooth horizontal
line, and the settlement of soil in each part is notmuch different. However,
after the excavation of pilot tunnels 1# and 3#, the settlement of each part is
different, and the surface settlement curve also exhibits a serrated shape
owing to fluctuations. During soil breaking and platform excavation,
although the surface settlement increases, the settlement curve remains

jagged. The surface settlement of line B and lineC is analyzed. The serrated
settlement curve of line C appears for the first time during the excavation
of pilot tunnels 2# and 4#. The serrated settlement curve of line B appears
after the middle soil is broken. It can be seen that the serrated settlement
curve first appears after excavation of the lower soil and continues until the
end of the main construction of the station.

With the construction process of the main body of the station, the
numerical simulation and field measurement results on the transverse
section show a change from a jaggedU-shape to a smoothU-shape, and
the settlement of the pilot tunnel excavation stage accounts for a high
proportion of the total settlement of the entire construction, and the
influence of the platform layer on the surface settlement is relatively
small. On the longitudinal section, both numerical simulations and field
measurements reveal serrated surface settlement curves after excavation
of the lower soil. It can be seen that the numerical simulation results are
in good agreement with the field measured data, and the numerical
simulation can reflect the actual bearing state of the pipe roof.

4.3 Analysis of pipe roof deformation

Figure 13 shows the deformation nephogramof a single steel pipe in
the pipe roof during the entire construction process. It can be seen that
the stress form of a single steel pipe is similar to that of a simply
supported beam (Zhang et al., 2018; Liu et al., 2019; Xiao et al., 2019).
Figure 14 shows the deflection curve of pipe roof, from which it can be
seen that during the excavation of pilot tunnels 2# and 4#, the pipe roof
above the excavation area sinks, and the sinking position appears above
pilot tunnels 2# and 4#. The deflection value is about 5.2 mm. After the
excavation of pilot tunnels 1# and 3# is completed, the pipe roof shows
the overall subsidence, and the settlement of themiddle and right ends of
the pipe roof increases. The deflection values of the right end andmiddle
are 14.1 and 11.8 mm, respectively. Furthermore, the settlement of the
left end is 9.7 mm. After the middle soil is broken, the subsidence in the
middle of the pipe roof increases, and the subsidence at both ends
changes slightly. The deflection value in themiddle of the steel pipe in the

FIGURE 10
Surface subsidence curve of the entire construction process.

FIGURE 11
Line position diagram.
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pipe roof structure is the largest, and itsmaximumvalue is 19.1 mm. The
steel pipe exhibits the stress state of a simply supported beam with
bearing displacement at both ends. During the excavation of the
platform layer and the subsequent construction process, the
settlement value of the pipe roof increases slightly, but the overall
trend of the pipe roof is consistent with that after the soil was broken.

The above analysis shows that the deflection value of the pipe roof
and the trend of surface settlement changewith the excavation sequence
during the excavation stage. The deflection value at the excavation site is
relatively high. After the middle soil is broken, overall settlement of the
pipe roof structure will occur. The overall deformation curve is

U-shaped. The force of the pipe roof is similar to that of the beam,
which supports the stratum. The deflection curve of the pipe roof is
consistent with the trend of surface settlement.

4.4 Analysis of soil arching effect of
transverse pipe roof

Owing to excavation disturbance and the different stiffnesses of
the pipe roof and soil, the soil displacement is uneven, and the stress
is redistributed. The soil in the excavation area converts the upper

FIGURE 12
Longitudinal surface subsidence map of different parts.

FIGURE 13
Steel tube deformation nephogram.
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load into compressive stress and transmits the compressive stress to
the arch feet on both sides to form a miniature soil arch (Al-Naddaf
et al., 2019; Chen et al., 2022). The surface above the station is a
serrated settlement curve, and the settlement value of some points is
higher than that of adjacent points. In order to explore the bearing
mechanism of the pipe roof and the surrounding soil, the plastic
zone of the pipe roof structure and the surrounding soil above pilot
tunnel 3# is extracted. The results are shown in Figure 15. In

Figure 15, the plastic strain extreme value of all construction
stages is kept unchanged, and the strain evolution of the soil
layer can be seen through the color change. Analyzing the
distribution of the plastic zone shows that, due to the large
stiffness and high bearing capacity of the steel tube, the upper
soil has a small bearing capacity, it does not enter the plastic state,
and the surface settlement is low. Shear failure occurs in the soil
between the steel tubes. The plastic zone extends from the bottom of

FIGURE 14
Steel tube deflection curve.

FIGURE 15
Plastic zone of soil around the pipe roof.
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the steel tube to the soil in the middle of the tube at a certain angle,
forming a micro-soil arch supported by adjacent steel tubes. The
micro-soil arch effect can inhibit the settlement of the soil between
the tubes to a certain extent. The pipe roof structure and the micro-
soil arch constitute the bearing system of the upper soil, so the
surface shows serrated settlement characteristics in the longitudinal
direction.

From the analysis of the construction stage, as the selected area is
located above pilot tunnel #3, after the excavation of pilot tunnels 2#
and 4#, the plastic zone of the soil, as shown in Figure 15, is not large,
and the plastic stress of the soil is also not large. Furthermore, the
soil arching effect is not obvious. Based on the law of surface
settlement, the settlement curve is relatively flat at this time.
Furthermore, the surface settlement of adjacent points is not
much different. After the excavation of pilot tunnels 1# and 3#,
the range of the plastic zone expands, the plastic stress increases
significantly, and the soil arch effect gradually appears. After the
middle soil is broken, the range of plastic zone stops expanding;
however, the plastic stress of soil between pipes increases, and the
micro soil arch improves the bearing capacity of the surrounding soil
and restrains the surface settlement of soil between pipes to some
extent. Like for ground settlement, the influence of platform
excavation on plastic zone of soil between tubes is small, and the
state of the plastic zone does not change significantly.

5 Analysis of influence of transverse
pipe roof parameters on ground
settlement

5.1 Influence analysis of steel pipe spacing of
pipe roof

In order to explore the influence of steel pipe spacing on the
surface settlement in a pipe roof, six working conditions with a steel
pipe side wall distance of 0.2, 0.5, 0.8, 1.1, 1.4, and 1.7 m are
established. The six working conditions are numerically
simulated to obtain the transverse surface settlement, which is
shown in Figure 16.

The diagram shows that the pipe roof spacing has the greatest
influence on the surface settlement in the excavation area. During
the excavation of the pilot tunnel, the soil settlement above the pilot
tunnel is quite different. After the excavation of pilot tunnels 2# and
4#, the maximum settlement is 7.7, 8.0, 8.2, 8.9, 12.2, and 14.8 mm
for pipe spacings of 0.2, 0.5, 0.8, 1.1, 1.4, and 1.7 m, respectively.
Furthermore, compared with that observed with a design spacing of
0.2 m, the surface settlement of steel pipe spacings of 0.5, 0.8. 1.1, 1.4,
and 1.7 m increase by 4%, 6.5%, 15.6%, 58.4%, and 92.2%
respectively. The soil settlement in the unexcavated area is
similar for all pipe spacings. The surface settlement of the

FIGURE 16
Surface subsidence curve under different pipe spacings.

Frontiers in Earth Science frontiersin.org11

Wang et al. 10.3389/feart.2023.1136270

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1136270


unexcavated area between pilot tunnel 2# and pilot tunnel 4# is 5.9,
6.2, 6.4, 6.7, 6.9, and 7.1 mm for pipe spacings of 0.2, 0.5, 0.8, 1.1, 1.4,
and 1.7 m, respectively. Compared with that for the design spacing
of 0.2 m, the surface settlement of the steel pipe spacings of 0.5, 0.8.
1.1, 1.4, and 1.7 m increase by 5%, 10.2%, 13.6%, 16.9%, and 20.3%,
respectively. In the other construction stages, the same law appears
in the settlement of the ground surface. After the soil is broken, the
overall settlement of the ground surface appears.

The plastic zones for pipe spacings of 0.2, 0.8, 1.4, and 1.7 m
are extracted at the same position above pilot tunnel 3# in the
same construction stage. The results are shown in Figure 17. The
strain evolution of soil layer can be seen by color change. First, as
the pipe roof spacing increases, the range of soil plastic zone
between pipe roofs and the extension angle increase. As a result,
the upward expansion is more considerable. When the spacing is
0.2 m, the plastic zone only develops to the middle of the steel
pipe along a certain angle. Under these conditions, the height of
the plastic zone is about 0.2 m, and the micro soil arch is located
below the side of the pipe roof to restrain the settlement of the
upper soil. When the spacing increases to 0.8 m, the extension
angle of the plastic zone does not change much, but with an
increase in the spacing, the plastic zone exceeds the top of the
pipe roof, and its height is about 0.7 m. As shown in Figure 16B,
under a pipe spacing of 0.8 m, the surface settlement does not
exhibit considerable expansion, and it is not much different from
that of the working condition with a pipe spacing of 0.2 m. The
pipe roof can still be used to support the micro-soil arch, which
limits the surface settlement to a certain extent. When the pipe
spacing is 1.4 m, the extension angle of plastic zone is evidently

enlarged, the height of plastic zone is about 1.5 m, and the
bearing capacity of micro soil arch is gradually weakened.
When the spacing is 1.7 m, the plastic zone expands to the
middle of the overburden soil, and the soil above the pipe
roof also enters the plastic state. In this case, the bearing
effect of the pipe roof on the micro soil arch disappears.
Furthermore, the surface settlement is 92.2% higher than in
the working condition with spacing of 0.2 m.

The results also reveal that the influence of pipe roof spacing on
the surface settlement begins after the excavation of the lower soil,
when the pipe roof structure is in a high bearing state. This is
because, the larger the pipe spacing, the greater the extension angle
of the plastic zone between the pipes, and the more considerable the
upward expansion. The soil arch bearing effect gradually reduces,
and the pipe roof support effect also reduces.

5.2 Influence analysis of steel pipe length of
pipe roof

In order to explore the influence of the length of the embedded soil
layer at both ends of the steel pipe in the pipe roof on the surface
settlement, five working conditions with constraint lengths of 1, 3, 5, 7,
and 9m at both ends of the steel pipe are established, and the five
working conditions are numerically simulated. The lateral surface
settlement is shown in Figure 18. The diagram shows that, except for
that of the working condition with a constraint length of 1 m at both
ends, the surface settlement curves of the other working conditions are
notmuch different in the four construction stages. Taking the excavation

FIGURE 17
Soil plastic zone diagram for different pipe spacings.
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process of pilot tunnels 2# and 4# as an example, for the constraint
lengths of 1, 3, 5, 7, and 9m, the maximum surface settlement is 8.3, 7.9,
7.8, 7.75, and 7.7 mm, respectively. Furthermore, under the five working
conditions, compared with the design condition, the surface settlement
increases or decreases by 5.1%, 1.3%, 1.9%, and 2.5%. Increasing the
length of the pipe roof can reduce the surface settlement, but the surface
settlement is not obvious. Increasing the stiffness of pipe roof has little
effect on ground settlement control (Hu et al., 2018; Cheng et al., 2022).

In addition, as seen in Figures 18A, B, when the constraint length
at both ends is too low, the soil above the side of the pilot tunnel is
prone to large deformations during the excavation of the pilot
tunnel. After the excavation of pilot tunnels 2# and 4#, there is
little difference in the settlement of each working condition above
pilot tunnel 2#; however, above pilot tunnel 4#, the surface of the
pipe roof with a 1 m constraint at both ends shows significant
settlement, and the settlement exhibits an increase of 5%. After the
excavation of pilot tunnels 1# and 3#, the settlement of the pipe roof
with 1 m constrained at both ends above pilot tunnels 1# and 4# is
evidently higher than that in other working conditions, and the
constraint ability of the pipe roof is insufficient.

Figure 19 shows the deflection of the pipe roof when the
constraints at both ends are 1, 5, and 9 m. First, during the
excavation of pilot tunnels 2# and 4#, the maximum settlement
when the constraints at both ends are 1 m occurs above pilot tunnel

4#, and the maximum settlement is 7.02 mm, whereas the maximum
deflections of the other two working conditions appear above pilot
tunnel 2# of the middle pilot tunnel, and the maximum deflection
values are 6.8 and 6.74 mm. During the excavation of pilot tunnels
1# and 3#, the maximum deflection value when 1 m is constrained at
both ends appears on one side of the side pilot tunnel, and the
maximum value is 12.39 mm. The maximum deflections of the
working conditions in which 5 and 9 m are constrained at both ends
is located above pilot tunnel 3# of the middle pilot tunnel, and the
value is 10.6 mm. Together with the deflection cloud diagram of the
pipe roof, these results reveal that when the two ends are constrained
by 1 m, the binding force at both ends of the pipe roof structure is
insufficient, and the end position has a significant overall downward
movement. Furthermore, the end settlement is large. When the
constraint at both ends exceeds a certain value, the effect of
increasing the constraint at both ends on the bearing capacity of
the pipe roof is no longer evident or is relatively small.

These results reveal that a limiting value for the constraint length at
both ends of the pipe roof exists. When the constraint length at both
ends of the steel pipe exceeds the limiting value, increasing the
constraint length hardly improves the bearing capacity of the pipe
roof, and has little effect on the control of surface subsidence. When the
constraint length at both ends is insufficient, the excavation process of
the pilot tunnel is easy to cause large settlement at the side pilot tunnel.

FIGURE 18
Ground surface subsidence curves with different constraint lengths.
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5.3 Influence analysis of steel pipe stiffness
of pipe roof

In order to further explore the influence of steel pipe stiffness on
surface settlement in pipe roof structure, the stiffness of standard pipe roof
is calculated to be 8,600 kN·m2 by equivalent stiffness method, and the
finite element models of steel pipe stiffness of 860, 1,720, 43,000 and
86,000 kN·m2 are established respectively. The corresponding stiffness is
0.1 times, 0.2 times, 5.0 times and 10.0 times of the standard pipe roof
respectively. The numerical simulation results are shown in Figures 20, 21.

It can be seen from Figure 20 that after the stiffness of the steel
pipe in the pipe roof structure exceeds 0.5 times the standard

stiffness, the deformation of the pipe roof is U-shaped, the
deformation at both ends is small, and the middle deformation is
large. The deformation of various working conditions is not much
different, and the maximum deformation is 22.7 mm. When the
stiffness of the steel pipe is reduced to 0.2 times, the deformation of
the pipe roof is wavy, and the maximum deformation is 38.3 mm, an
increase of 68.7%. It can be seen from Figure 21 that when the steel
pipe stiffness is 0.2 times the standard stiffness, the surface
settlement increases significantly. When the stiffness is more than
0.5 times the standard stiffness, the change of surface settlement is
not obvious. Therefore, it can be seen that there is a limit value of the
stiffness of the pipe roof. When the stiffness reaches the limit value,

FIGURE 19
Surface subsidence curve under different pipe spacing.
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the bearing capacity of the pipe roof is not significantly improved by
increasing the stiffness, which has little effect on the control effect of
surface settlement.

6 Conclusion and insights

Compared with the longitudinal pipe roof layout, the transverse
pipe roof has high precision control, multi-section simultaneous
flow construction, high construction efficiency, and a short
construction period. In this paper, the surface settlement law of
the transverse pipe roof construction of a shallow buried
underground excavation station is studied by field monitoring

and numerical simulations, and the different spacings and
constraint lengths of the steel pipe in the pipe roof structure are
compared. The following conclusions are drawn:

(1) After the pilot tunnel is excavated, the transverse surface settlement is
a wavy U-shaped curve. After the soil is broken, the surface
settlement curve changes from a wavy U-shaped to a smooth
U-shaped curve. After the excavation of pilot tunnel, the
longitudinal surface settlement appears jagged, because the surface
settlement above the pipe roof is less than that between the pipe roofs.

(2) The numerical simulation reveals the bearing mechanism of the
pipe roof. The stress of the pipe roof structure is similar to that
of the beam, which has a supporting effect on the stratum. At the

FIGURE 20
Deflection curve of pipe roof under different steel pipe stiffness.

FIGURE 21
Curve of ground settlement under different steel pipe stiffness.
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same time, the micro soil arch effect appears between the
adjacent pipes. The soil arch and the pipe roof structure
jointly inhibit the surface settlement.

(3) In the pipe roof structure, the steel pipe spacing affects the soil
arching effect. With the increase of steel pipe spacing, the height
of soil arching increases, and the bearing capacity of soil arching
decreases.

(4) The length and stiffness of the pipe roof affect the bearing capacity of
the pipe roof and there is an upper limit. When the length or
stiffness of steel tube is low, the bearing capacity of pipe roof
structure is low, and the surface settlement increases significantly.
When the length and stiffness of the pipe roof exceed its upper limit,
increasing the length of the pipe roof or increasing the stiffness of the
pipe roof hardly changes the bearing capacity of the pipe roof
structure, and the reduction of surface settlement is not obvious.
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