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The studies on the steel pipe cutting and support stage in the pipe-roof pre-construction
method (PPM) are rare, and their design lacks relevant standards, which is relatively
conservative. Based on the Xinleyizhi Station of the Shenyang Metro construction case,
MIDAS/GTS is used to study the stress of the original jacking steel pipes, supporting
column, and surface subsidence under the influence of different construction parameters
in the steel pipe cutting and support process in the PPM. The measured data are
consistent with the numerical simulation results, which verifies the reliability of the
numerical simulation results. With the increase of the distance between support
columns, the maximum Mises stress of the original jacking steel pipe, the axial force of
the support column, and the ground settlement gradually increase in a specific range. This
indicates that the original design scheme can be optimized.

Keywords: pipe-roof pre-constructionmethod, pipe cutting and support, structural stress, surface subsidence, field
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1 INSTRUCTION

The pipe-roof pre-construction method (PPM) is an unconventional method for large underground
space construction. This method originates from the pipe-roof method. The PPM had been used in
the Antwerp station (Musso, 1979; Hemerijckx, 1983) and Venezia Station on the Milan Rail
(Lunardi, 1991; Lunardi, 1992) initially. This construction method has been applied in Korea widely,
called the new pipe-roof method (Kim et al., 2003; Kwak et al., 2007). The construction method was
introduced in China and is called the pipe-roof pre-construction method (Li et al., 2011a; Li et al.,
2011b). At present, the engineering projects that have included this construction method in China
include the Shenyang Metro Xinleyizhi station (Yang et al., 2017; Yang et al., 2018) and Yingze street
passage under the Taiyuan railway station (Yang et al., 2020a; Yang et al., 2020b).

In the PPM, pipe cutting and support is the crucial stage to construct the pipe gallery, which is the vital
process of mechanical transformation of the underground structure and is also a risky link in the entire
construction process. The construction safety in this step is directly related to the entire project’s success.
Studies about the PPMmainly focus on pipe jacking (Xiao et al., 2016; Zhang et al., 2016; Liu et al., 2018;
Shi et al., 2018; Zhang et al., 2018; Jia et al., 2019), environmental effects (Ba et al., 2018; Yang et al., 2018;
Jia et al., 2020) and mechanical behavior of the pipe roof (Xiao et al., 2016). Studies on steel pipe cutting
and support in the PPM are rare. This study intends to analyze the stress of the original jacking steel pipes
after cutting, the stress of the concrete-filled steel pipe support column, and the surface subsidence in the
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steel pipe cutting and support process in the PPM by numerical
simulation. The numerical simulation results are compared with the
field monitoring results to verify the authenticity.

2 PROJECT OVERVIEW

Xinleyizhi station is an underground island station with two floors,
and the main part of the station is the single arch reinforced
concrete structure. The total length of the station is 179.8 m, the
width of the standard section is 26.2 m, and the height is 18.9 m.
The buried depth of the bottom plate is 26.5~30.1 m. The station is
equipped with three entrances and exits and one fire special
entrance, with a total construction area of about 9,800 m2. The
foundation soil mainly comprises miscellaneous fill, sandy soil,
gravel soil, and a small amount of cohesive soil. The layout plan of
the project is shown in Figure 1.

The two shafts are constructed by open excavation, and the
two transverse passageways and the main part of the station are
constructed by the PPM. The specific process is as follows: taking
the two completed shafts as the working shafts, the two transverse
passageways are constructed by the PPM first. Then, taking the
two transverse passageways as the working shafts, the main part is
constructed by the PPM.

The construction process of the PPM is as follows: 1) in the
working shaft, large-diameter steel pipes are jacked into the ground
along the contour of the underground structure. 2) The pipe gallery is
constructed by steel pipe cutting, support steel plates, and concrete-
filled steel tubular columns. 3) The final structure of the underground
structure is poured into the pipe gallery space. 4) After the structure
construction is completed, large-area soil excavation is carried out
under the protection of the structure, and the inner structures are
built to construct the available underground space (Figure 2).

This study explores two pipe cutting and support at the top of
the no. 1 transverse passageways. The size of the no. 1 transverse
passageways is 22.1 × 11.8 m, and the steel pipe jacking length
(longitudinal extension direction) is 35.4 m. The steel pipe
diameter is 2.2 m, the thickness is 18 mm, and the pipe
spacing is 255 mm. A total of 30 support columns are set in
the longitudinal extension direction, and the distance between the
support columns is 1.2 m. This project completes the steel pipe

cutting and support process in two steps. First, the jacked steel
pipes shall be cut at intervals. After the first cutting, the support
steel plate and concrete-filled steel tubular support column shall
be set. Then, the remaining part of the pipes is cut for the second
time, and the support steel plate is set for the second time to
construct an underground pipe gallery (Figure 3).

3 NUMERICAL SIMULATION AND RESULT
ANALYSIS

3.1 Overview of Numerical Simulation
Midas/GTS is used to establish the three-dimensional numerical
model of two parallel pipe cutting and support according to the
engineering background in the construction of no. 1 transverse
passageways in the Xinleyizhi station. In the project, a total of 21
pipes need to be cut and supported in the no. 1 transverse
passageways. If a complete numerical simulation analysis is
carried out for all the pipes, due to the small size of support
plates and columns, the number of calculation unit grids is huge,
which may consume a lot of calculation resources, but it is
difficult to obtain reasonable calculation results.

The diameter of the pipe is 2.2 m, the center distance between
the two pipes is 2.46 m, and the top of the two pipes is 8.85 m
from the ground. The bottom of the pipes is 8.85 m from the
bottom of the model. The center of the left pipe is 8.57 m from the
left wall of the model, and the center of the right pipe is 8.57 m
from the right wall of the model. The longitudinal direction is the
extension direction of the pipeline, and the total longitudinal
length of the model is 5 m. The model’s boundary conditions are
as follows: the upper surface is a free boundary without
constraints. The left and right sides are constrained in the
x-direction, the front and back sides are constrained in the
y-direction, and the node displacement of the model’s bottom
is fixed. The numerical simulation model is shown in Figure 4.

The calculation parameters of the stratum and other materials
in the model calculation are shown in Table 1. The support
column in actual construction is concrete-filled steel tubular. In

FIGURE 1 | Project layout.

FIGURE 2 | Schematic diagram of the PPM process. (A) Step 1: pipe
jacking; (B) Step 2: pipes cutting and support; (C) Step 3: reinforced concrete
construction; (D) Step 4: baseplate construction.
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the numerical simulation, the steel tubular and concrete are
equivalent to one material according to the proportion of its
cross-sectional area to assign the material parameters.

In the numerical simulation, the construction parameters of
the actual construction scheme (such as case 1 in Table 2) are

simulated, and the first cutting length and supporting column
spacing (such as case 2~5 in Table 2) are gradually increased. The
specific construction parameters are shown in Table 2.

3.2 Analysis of Calculation Results
3.2.1 Axial Force Analysis of Support Columns
The axial stress nephograms of the middle support columns in
case 1 to case 5 numerical simulations are shown in Figure 5.
According to the stress nephograms of the support columns, the
average axial force borne by each support column can be
calculated. The relationship between the axial force borne by
the support column and the distance of the support column can
be analyzed, as shown in Figure 6.

As shown in Figure 5, the axial stress of the support column
gradually increases with the increase of the distance between the

FIGURE 3 | Pipe cutting and support. (A) Pipe cutting at intervals; (B) supporting first; (C) underground pipe gallery.

FIGURE 4 | Numerical simulation model. (A) Overall model; (B) cutting and support model.

TABLE 1 | Material parameters.

Material parameters of soil

Type Gravity/kN/m3 Elastic modulus/MPa Poisson’s ratio Cohesion/kPa Internal friction angle/°

Soil 18 50 0.3 20 30

Material parameters of structures

Material Elastic modulus/MPa Gravity/kN/m3 Poisson’s ratio
Concrete-filled steel tubular column 5.38 × 104 31.57 0.214
Steel 2 × 105 78 0.3
Concrete 3 × 104 25 0.2

TABLE 2 | Construction parameters.

First cutting length/m Supporting column spacing/m

Case 1 1.4 1.2
Case 2 1.6 1.4
Case 3 1.8 1.6
Case 4 2.0 1.8
Case 5 2.2 2.0
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support columns and the most dangerous axial stress section is
the lowest surface of the support column. In on-site engineering,
the outer diameter of the concrete-filled steel tubular is 110 mm,
the thickness of the steel tube is 4 mm, and the calculated steel
content is 0.14. According to the national standard “Technical
code for concrete-filled steel tubular structures” (GB50936-2014),
the design compressive strength of the concrete-filled steel
tubular is 45.6 MPa, which is far greater than the axial stress
of the most dangerous section in case 5 (10.5 MPa). It indicates
that even if the spacing of the support columns increases from 1.2
to 2 m, increasing by 66.7%, the compressive bearing capacity of
the support column still has a large surplus.

As shown in Figure 6, the average axial force of the support
column increases gradually with the increase of the distance
between the support columns. There is a positive linear
correlation between the axial force of the support column and
the distance of the support column. When the distance between
support columns increases from 1.2 to 2 m, increasing by 66.7%,
the axial force of support columns increases from 82.5 to 94.0 kN,
increasing by 13.9%. It shows that when the distance of support
columns increases in a specific range, the axial force increment of
support columns is limited.

3.2.2 Maximum Stress Analysis of Jacked Steel Pipes
The maximum stress value of the jacking steel pipe is selected in
the numerical simulation case 1~ case 5. The relationship
between the maximum Mises stress of the steel pipe and the

distance of support column in the process of the cutting and
support is analyzed, as shown in Figure 7.

As shown in Figure 7, with the larger distance of support
columns, the maximum stress of the original jacked steel pipe
gradually increases. This roughly conforms to the positive linear
correlation. When the distance between support columns is 2 m,
the maximum stress of the pipe reaches 148 MPa, which is less
than the maximum yield stress of steel (235 MPa), and the steel
pipe will not yield, and when the distance between support
columns increases from 1.2 to 2 m, increasing by 66.7%, the
maximum stress of the pipeline increases from 125 to 148 MPa,
increasing by 15.5%. It shows that when the distance between
support columns increases in a specific range, the maximum
stress increment of the pipeline is limited.

3.2.3 Surface Subsidence
According to the surface transverse subsidence values, under all
construction parameters in the case 1 to case 5 to draw the
transverse surface settlement curve in various cases, as shown in
Figure 7 (the ordinate origin in the Figure is the center position of
two jacked pipes) and the relationship between the maximum
settlement and the distance of support columns, as shown in
Figure 9.

As shown in Figures 8, 9, the surface subsidence caused by the
steel pipe cutting and support construction stage roughly
conforms to the normal distribution under various

FIGURE 5 | Axial stress nephograms of the middle column in various cases (Unit: Pa). (A) Case 1; (B) case 2; (C) case 3; (D) case 4; and (E) case 5.

FIGURE 6 | Axial force–spacing of columns.

FIGURE 7 | Maximum stress of pipe-spacing of columns.
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construction parameters, with characteristics of the large
settlements in the middle and small settlements on both sides.
The greater the spacing between support columns, the severer the
surface subsidence will be. The relationship between the
maximum surface subsidence and the distance of support
columns is approximately positively linear. When the distance
of support columns increases from 1.2 to 2 m, increasing by
66.7%, the maximum ground subsidence increases from 2.4 to
2.6 mm, increasing by 8.3%. It shows that when the distance
between support columns increases within a specific range, and
the maximum increment of the ground subsidence is limited.

4 COMPARATIVE ANALYSIS OF
NUMERICAL SIMULATION AND
MEASURED RESULTS
4.1 Numerical Simulation and Calculation of
Axial Force of the Steel Pipe
The axial pressure of concrete-filled steel tubular is

Fy0 � σsAs + σcAc � εEsAs + εEcAc. (1)

Comprehensive elastic modulus of the reinforced concrete
steel tubular

E1 � EsAs + EcAc

As + Ac
. (2)

According to the comprehensive elastic modulus, the axial
pressure of the concrete-filled steel tubular is

Fy0 � εE1(As + Ac). (3)
The axial pressure of the steel tubular is

Fs � EAs

E(As + Ac)Fy0 . (4)

The outer diameter of the steel tubular is 110 mm, and its
thickness is 4 mm. The area of steel tubular and concrete can be
obtained. According to Eq. 4, the relationship between the axial
pressure of the steel tubular and the axial pressure of the concrete-
filled steel tubular can be obtained

Fs � 0.521Fy0 , (5)

FIGURE 8 | Horizontal surface subsidence curve.

FIGURE 9 | Maximum settlement—distance of columns.

FIGURE 10 | Calculated values of the axial force.

FIGURE 11 | Monitoring results of axial force of the steel pipe.
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where Fy0 is the axial pressure of the concrete-filled steel tubular,
kN; Fs is the axial pressure of the steel tubular, kN; Fc is the axial
pressure of the concrete, kN; σs is the axial stress of the steel
tubular, MPa; σc is the axial stress of the concrete, MPa; As is the
area of the steel tubular, mm2; Ac is the area of the concrete, mm2;
ε is the axial strain of the concrete-filled steel tubular; Es is the
elastic modulus of the steel tubular, MPa; Ec is the elastic modulus
of the concrete, MPa; and E1 is the elastic modulus of the
concrete-filled steel tubular, MPa.

According to the axial force of the support column calculated by the
numerical simulation, the axial force of the steel tubular of each support
column in the numerical simulation model can be obtained by Eq. 5.

As shown in Figure 10,the maximum axial force of each
support column in the longitudinal direction calculated by the
numerical simulation in case 1 is 87.9 kN, and its minimum value
is 76.7 kN. Accordingly, the maximum axial force of the steel
tubular is 45.8 kN, its minimum axial force is 40 kN, and the
average axial force of each steel tubular is 42.9 kN.

4.2 Comparative Analysis of Axial Force of
Steel Tubular
In the actual construction process, in order to ensure the
construction time limit, some construction procedures are
carried out alternately. For example, the lower part is still
jacking, and the upper part has begun cutting and supporting.
Therefore, it is impossible to accurately monitor the structural stress
and surface settlement in the whole cutting and supporting process.
So, the field monitoring data in cutting and support of the leftmost
two pipes (the first two pipes to be cut and supported) are studied.

During the construction of no. 1 transverse passageways via
pipe cutting and support, four steel tubulars are selected from the
top layer’s two rows of support columns for axial force
monitoring. A total of eight steel pipe axial force monitoring
sensors are set, and the monitoring frequency is once a day. The
axial force monitoring results of the support column are shown in
Figure 11.

It can be seen that the monitoring results of the measuring
points, except sensor 1 and sensor 7, are close to the average value
of numerical simulation calculation (42.89 kN). The monitoring
results are consistent with the numerical simulation results which
verify the reliability of the numerical simulation.

FIGURE 12 | Monitoring results of axial force of the steel pipe. (A) Layout of monitoring points. (B) Location of monitoring points in the cross section.

FIGURE 13 | Surface subsidence.
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4.3 Comparative Analysis of Surface
Subsidence
During the construction of steel pipes on the top layer of no. 1
transverse passageways via pipe cutting and support, surface
subsidence monitoring points are set for continuous
construction monitoring, and its monitoring frequency is once
a day. Taking the construction of the leftmost two pipes of no. 1
transverse passageways via pipe cutting and support as an
example, the measured surface subsidence is analyzed in the
article. The layout of monitoring points and the location of
monitoring points in the cross-section are shown in Figure 12.

In the actual monitoring process, partial points are selected for
long-term monitoring (the points marked with point numbers in
Figure 11 are long-term monitoring points). The monitoring
section formed by points 31, 32, and 33 in the Figure is the middle
section, which is representative. The measured results of the
middle section are selected to analyze the surface subsidence
monitoring results during the construction of the leftmost two
pipes via pipe cutting and support. Point 32 is located at the no. 1
transverse passageways centerline, and the distance between the
two points is 5 m. The distance between the midpoint of the
leftmost two jacking pipes and the point 32 is 3.68 m. The typical
surface subsidence transverse curve is shown in Figure 13.

Through the comparison with the numerical simulation
results of the surface subsidence, it can be seen that although
the measured points are not arranged at the center of the two
pipes, they are still consistent with the numerical simulation
results. The measured cumulative maximum subsidence value is
2.5 mm, which is slightly larger than the numerical simulation
results of the corresponding points (2.3 mm). The farther it is
from the center of the two pipes, the smaller the subsidence value.

5 CONCLUSION AND SUGGESTIONS

1) MIDAS/GTS is used to analyze the steel pipe cutting and
support construction stage in the PPM. The effects of
gradually increasing the distance of support columns on
the maximum Mises stress of the original jacking steel
pipe, the axial force of support columns, and the surface
subsidence are studied. The numerical simulation results
show that when the distance of support columns increases
from 1.2 to 2 m, that is 66.7%, the axial force increment of the
support column, maximum Mises stress of original jacking
steel pipe, and surface subsidence are 13.9, 15.5, and 8.3%,
respectively. The maximum axial force of the support column

is less than its compressive strength, and the maximum Mises
stress of the original jacking steel pipe is less than its yield
strength. It shows that when the distance of support columns
increases within a specific range, the maximum Mises
increment of the original jacking steel plate, the axial force
of support columns, and surface subsidence are restricted.

2) The numerical simulation results and on-site monitoring
results of axial force of support columns and the surface
subsidence in the pipe cutting and support stage are
compared. The monitoring results of the most axial force
measurement points are close to their numerical simulation
calculation average value (42.9 kN). The measured cumulative
maximum surface subsidence value is 2.5 mm, slightly larger
than its numerical simulation result (2.3 mm). The changing
trend of the measured value is the same as that of the
numerical simulation value. The farther it is from the
center of the two pipes, the smaller the subsidence value
will be. The numerical simulation results are consistent
with the monitoring results, which proves the reliability of
the monitoring results.

3) In the PPM, the pipe cutting and support are crucial for the
underground pipe gallery construction. At present, rare
studies focus on the pipe cutting and support. Its design
lacks standard guidance, and its relevant on-site
monitoring data are insufficient. The results in this study
show that the original design scheme of this study still needs to
be improved.
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