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Abstract: The excavation of a shallow buried tunnel may cause stress redistribution in surrounding
rock, and cause deformation, damage, and even destruction of adjacent underground pipelines. The
land part of the Haicang undersea tunnel in Xiamen of China was a super shallow buried large
span double-arch tunnel. Its construction was restricted by both underground excavation safe and
adjacent pipeline protection. Multiple groups of working conditions were designed considering
the relative position of pipe and tunnel, pipeline and tunnel construction parameters. Numerical
simulation was used to study the influence of pipeline horizontal distance, buried depth, pipeline
diameter, pipeline wall thickness, pipeline shape, pipeline material and excavation method on the
response of adjacent underground pipelines. The results show that the relative position of pipe and
tunnel, and the construction method of the double-arch tunnel have a great influence on pipeline
deformation. Pipeline material, pipeline diameter and excavation method have a great influence on
pipeline stress. The construction method was the key factor affecting the stress and deformation of the
pipeline. The three-step reserved core soil method can effectively control the stress and deformation
of underground pipelines. The research results can provide a reference for similar projects.

Keywords: super shallow buried large span double-arch tunnel; adjacent underground pipeline;

influencing factors; pipeline response; numerical simulation

1. Introduction

When highway tunnels pass through urban areas, they often face problems such as
tight land use, fragile geological environment, and high sensitivity of the surrounding
environment. Therefore, it is necessary to strictly control the stress release ratio and re-
duce the disturbance to the surrounding rock to minimize the impact on the surrounding
environment [1]. The double-arch tunnel is one of the most commonly used construction
methods for urban highway tunnels because of its beautiful section, land saving and rel-
atively small impact on the surrounding environment [2-5]. Due to a large number of
underground pipelines in urban areas, the underground excavation causes stress redis-
tribution in surrounding rock and soil, which inevitably affects the deformation of land
surface and surrounding pipelines. If the pipelines were damaged or failed, not only the
safety of engineering construction is threatened, but also the normal production and life of
urban residents are greatly affected [6,7]. Therefore, it is of great significance to study the
response mechanism of the underground pipeline to underground excavation.
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Extensive researches have been conducted on the influence of underground excava-
tion on adjacent pipelines and fruitful results have been achieved. The studies on existing
pipeline deformation mainly include analytical, experimental, and numerical simulation
methods. An analytical method has a rigorous derivation process and reliable mathematical
basis, which can provide simple and clear solutions to engineering. Based on Winkler
elastic foundation beam theory, Attewell [8] proposed an analysis and calculation model
of pipeline deformation caused by stratum movement induced by tunnel excavation, and
analyzed the joint angle and bending stress of the pipeline when the pipeline moved per-
pendicular to the parallel stratum. Klar et al. [9] obtained the modified Winkler foundation
modulus by using the elastic continuum solution, so that the Winkler system and the elastic
continuum system obtained similar maximum bending moments in the natural stratum set-
tlement dimension Gaussian distribution. Vorsterl [10] studied the distribution of pipeline
bending moment caused by tunnel excavation, and obtained the prediction formula of
pipeline bending moment according to the geometrical shape of pipeline and tunnel and
the ground movement at the same depth of the pipeline. Yoo et al. [11,12] compiled a
TURISK program to calculate the strain of underground pipelines according to the stra-
tum bending strain and axial strain caused by engineering excavation. Molnar et al. [13]
studied the influence of deep foundation pit excavation on adjacent underground pipelines
in Lurie medical research center in Chicago by comparing theoretical calculation with
measured data. Hunter [14] deduced pipeline displacement based on stratum deformation
and studied the influence of subway excavation on adjacent pipelines. Using nonlinear
regression method, Ukritchon et al. [15] established the approximate equation of stability
load factor and safety factor of the square tunnel in anisotropic heterogeneous clay, and
also established the design equation of stability analysis of shallow buried unlined circular
tunnel [16].

The tests on double-arch tunnels and pipelines included field tests and laboratory
tests. Due to multi-uncontrollable factors and high cost, few studies were performed
on field tests. Using the method of field measurement, Wang et al. [7] systematically
studied the attenuation law of blasting seismic waves in soil and the vibration response of
buried pipelines. Liu et al. [17] studied the influence of shield tunnel construction on the
deformation of buried pipelines and the relationship between the deflection of pipelines and
pipeline damage by analyzing the monitoring data of shield tunnel construction. Laboratory
test has been widely used in the influence of tunnel excavation on adjacent pipelines because
of their convenient operation, low cost and high controllability. Wham et al. [18] analyzed
the response of cast iron connecting pipe and ductile iron connecting pipe to single tunnel
excavation by using a laboratory model, and found that cast iron connecting pipe was
a pipe type with great influence and easy damage from tunnel excavation. Using the
indoor shrinkage model, Wang et al. [19] studied the development process of underground
pipeline deformation and surface settlement in dry sand. Centrifugal model test can
compensate for the loss of self-weight of structures caused by the reduction of model size
through the acceleration field formed by the centrifugal testing machine. Shi et al. [20]
used a centrifuge model test to study the response of pipelines when the tunnel crosses
obliquely. Marshall et al. [21] studied the relationship between soil strain and pipe bending
behavior by centrifugal model test, and obtained the relationship between tunnel volume
loss, soil strain and pipe bending deformation. Kimura et al. [22] conducted a large number
of centrifugal simulation tests and studied the relationship between pipeline stress and
deformation and soil stress.

With the development of computer technology, finite element numerical simulation
has become the main method to study the crossing problem. Using the finite-difference
continuous elastic analysis method, Zhang et al. [23] simulated the response of continuous
pipe and jointed pipe under tunnel-induced multi-layer soil motion. Based on finite
element software, Liu et al. [24] studied the influence of the position between pipeline
and tunnel on pipeline deformation. Yang et al. [25] studied the stress and displacement
changes of the upper underground pipeline under the conditions of earthquake and tunnel
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excavation by using FLAC®P software. The three-dimensional finite element analysis model
was established by using the finite-difference software, and Guo et al. [26] simulated the
influence of double pipe parallel tunnel excavation with different buried depth, material
properties and diameter on underground pipelines. Based on Plaxis 3D, Wang et al. [27]
conducted a simulation analysis on surface settlement and pipeline deformation by using
the soil hardening small strain constitutive model, and the results showed that considering
the small strain stiffness of soil could predict the actual deformation of the project more
reasonably. Yu et al. [28] performed numerical simulations, the results show that when the
position of the municipal pipeline and subway tunnel was vertical, the displacement of
the pipeline was less than the horizontal displacement, while the stress of the pipeline was
opposite. Yang et al. [29] discussed the main influencing factors of the existing tunnel on
the seismic performance of adjacent underground pipelines, including the joint type of the
pipeline, the angle and distance between the pipeline and the tunnel. The numerical results
show that the flexible joint was an important factor to reduce the settlement difference and
axial stress of the pipeline. Using the formula of finite element lower limit analysis and
second-order cone programming, Kumar et al. [30] estimated the support pressure required
to stabilize a circular tunnel in two layers of clay under undrained conditions, and evaluated
the stability of a long tunnel excavated from normally consolidated and overconsolidated
saturated clay under undrained conditions [31]. Additionally, the calculation method of
the minimum support pressure for the circular tunnel lining was given considering the
anisotropic undrained shear strength parameter [32]. The existing research on the response
of adjacent underground pipelines under tunnel excavation had considered the geometrical
shape of a tunnel, the buried depth of a pipeline, the material, the size of a pipeline
and the relative position with tunnel. However, seldom focused on the response of the
adjacent underground pipelines to a super shallow buried large span double-arch tunnel
excavation during excavation where pipeline protection was vital for tunnel construction.
The analysis on the response of adjacent underground pipelines to double-arch tunnel
excavation can make up for this deficiency and provide a reference for tunnel construction
and underground pipeline design.

Taking the Haicang tunnel in Xiamen of China as the background, the responses of
adjacent underground pipeline to the excavation of a super shallow buried large span
double-arch were studied by using numerical simulation method. The influence of relative
position of pipe and tunnel, pipeline and tunnel construction parameters on the response
of adjacent underground pipelines during excavation were investigated which can provide
references for similar tunnels.

2. Engineering and Theoretical Background
2.1. Engineering Background

The land part of the Haicang undersea tunnel was selected as the engineering back-
ground. The land part of the Haicang tunnel is located in Huli District, Xiamen, Fujian
Province, China. The mileage of double-arch tunnel is BK17 + 805-BK 17 + 825. The
double-arch tunnel passes through Xinghu Road, a two-way six-lane urban expressway.
Under the road, there are various municipal pipelines, such as water supply, drainage, and
power cables, which are buried within 2.5 m below the ground and about 1.8-3.0 m above
the top of the double-arched tunnel. Figure 1 reflects the buried situation of underground
pipelines around the tunnel excavation area.
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Figure 1. Underground pipelines around the excavation area of Haicang tunnel.

The distribution of underground pipelines in the study is shown in Figure 2. The
underground pipelines around the tunnel are basically distributed along both sides of
Xinghu road. In the first half of the tunnel, the longitudinal axis of the tunnel is basically
parallel to Xinghu Road, that is, parallel to the underground pipeline. When the tunnel
crosses Xinghu road, the included angle between the longitudinal axis of the tunnel and
Xinghu road is less than 30°, and the plane position relationship between the tunnel and
the underground pipeline is basically parallel. There are not only rigid pipelines whose
shape is not easy to change, such as sewage pipes and water supply pipes, but also flexible
pipelines that are easy to deform, such as power cables around tunnels, so the influence of
the construction process on underground pipelines is complicated.

Figure 2. Distribution of underground pipelines in tunnel address area.

Quaternary miscellaneous fill, silty clay and completely weathered and strongly
weathered bedrock are distributed within the construction range of the double-arch tunnel.
The roof at the entrance of the tunnel is in the miscellaneous fill and silty clay layer, and
the other main bodies of the tunnel are mainly buried in completely or strongly weathered
rocks or residual soil. The tunnel is excavated by the three pilot tunnel method [33]. The
excavation section area of the side pilot tunnel is 26.7 m?, the excavation height is 6.44 m
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and the excavation width is 4.48 m; The excavation section area of the middle pilot tunnel
is 49.85 m?, the excavation height is 8.1 m and the excavation width is 6.2 m. The middle
pilot tunnel is excavated first, followed by the left and right pilot tunnels. After all the
pilot tunnels are connected, the concrete of the middle partition wall and side wall is
poured, respectively, and then the main tunnel is excavated and the supporting structure
is applied. The construction procedure is shown in Figure 3. The construction process
is as follows: 1. Excavate the middle pilot tunnel. 2. Construct the primary lining of the
middle pilot tunnel. 3. Construct the middle partition wall. 4. Excavate the left pilot tunnel.
5. Construct the primary lining of the left pilot tunnel. 6. Excavate the upper bench of the
left main tunnel. 7. Construct the primary lining of the upper bench of the left main tunnel.
8. Excavate the lower step of the left main tunnel. 9. Construct the waterproof layer and
support structure of the left main tunnel. 10. Excavate the right pilot tunnel. 11. Construct
the primary lining of the right pilot tunnel. 12. Excavate the upper bench of the right
main tunnel. 13. Construct the primary lining of the upper bench of the left main tunnel.
14. Excavate the lower bench of the right main tunnel. 15. Construct the waterproof layer
and support structure of the right main tunnel.
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Figure 3. Construction procedure of three pilot tunnel method.
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2.2. Theoretical Background

Cast iron pipes and reinforced concrete pipes belong to rigid pipes, and the deforma-
tion of rigid pipes is very small under external loads such as earth pressure. Steel pipes
and PVC pipes belong to flexible pipes, which deforms greatly under external loads such
as soil movement and soil weight. Different pipelines have different functions, importance
and influence on engineering construction and society, so their deformation control indexes
and standards are also different. For rigid pipelines, two control standards of cumulative
settlement and deformation rate are mainly adopted. For rigid pipelines with special
requirements, differential settlement control standards are added. However, the flexible
pipeline only controls the cumulative settlement and deformation rate.

For the rigid pipeline, the ability to resist deformation takes the bending stress of
pipe joints as the control standard, and the rigid pipeline with a large length is analyzed
according to the principle of the elastic foundation beam. When the pipeline reaches its

ultimate stress state,
2i3

[Smax] = ﬁfd o], @
where [Smax] is the allowable deformation; [¢] is the allowable stress of the pipeline; d is the
diameter; E, is elastic modulus; iy is the distance of the reverse bend point on the pipeline [8].

When the direction of the flexible pipeline is orthogonal to the central axis of the
tunnel, the settlement control standard can be set as the maximum opening value of the
pipeline joint. When the direction of the pipeline is parallel to the tunnel, the joint opening
of the pipeline is the largest at the maximum curvature of the settlement groove. According
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to Peck formula [34], the minimum curvature radius of the settlement curve on the plane of
the pipe section appears at the centerline of the tunnel, so:

i3
[AlZ, ?

[Smax] = idb ’

where [A] is the maximum opening value of the joint; b is the length. D is the diameter; i, is
the distance of the reverse bend point on the pipeline [35].

3. Numerical Model
3.1. Establishment of Finite Models

This numerical simulation was adopted mainly to study the influence of pipeline
parameters, the relative position of the tunnel, construction parameters and other factors
on the stress and deformation of adjacent underground pipelines during the excavation of
shallow buried double-arch tunnel. A three-dimensional model including stratum, tunnel
and underground pipeline, and the tunnel section form, support structure and excavation
process were established which was consistent with the actual construction.

Figure 4 shows the numerical model established by using the finite difference method
software FLAC3P. In the model, the Y direction was the direction of tunnel excavation. In
the XOZ plane which was perpendicular to the direction of tunnel excavation, the study
area was expanded 3-5 times of the tunnel diameter [36] in order to avoid the influence of
boundary conditions on the simulation results. Therefore, the model size was set as 120 m
in the X direction and 60 m below the surface in the Z direction, and the excavation length
in the Y direction was set as 60 m. According to the actual situation of the construction site
and survey report, the stratum was divided into three parts: 4 m thick miscellaneous fill,
22 m thick completely weathered granite, and 24 m thick fragmentary strongly weathered
granite. According to the construction scheme, the three pilot tunnels plus three steps
reserved core soil method was adopted for tunnel excavation. The surrounding rock
of the tunnel was simulated by using solid elements [37] and its mechanical behaviour
conformed to the Mohr-Coulomb failure criterion. The support structure of the three pilot
tunnels adopted shell elements, and the lining of the main tunnel adopted solid elements.
Their thickness and strength parameters were consistent with actual situation. The middle
partition wall and two side partition walls were simulated by using solid elements, and
their shape, size and strength parameters were established according to the actual situation.
Underground pipelines were simulated by using shell units with a certain thickness [38].
The numerical model was divided into 303,500 elements. The material parameters were
obtained according to survey report, surrounding rock classification, and numerical reverse
analysis, as shown in Table 1. According to site conditions, the horizontal displacement of
all sides around the model was constrained, the horizontal and vertical displacements of
the bottom surface of the model were constrained, and the top surface of the model was
set as a free surface. The load on the pipeline mainly included earth pressure around the
pipelines, internal pressure and force caused by self-weight. The earth pressure included
earth covering load and additional earth pressure caused by tunnel excavation.



Appl. Sci. 2022,12, 621

7 of 24

- -----d

Figure 4. Numerical model (unit: m).

Table 1. Model material parameters.

Elastic Coefficient
Material Density Modulus Poisson’s  Frictional Cohesive of Thickness
(kg/m®) Ratio Angle (°) Force (kPa) Permeability (m)
(MPa) _
(104 m-s)
Miscellaneous fill 1900 10.76 0.32 19.4 26.8 52.52 4
Completely weathered granite 1950 13.00 0.35 20.0 108.0 63.00 22
Fragmentary strongly 2300 10.72 0.3 30.5 56.5 82.00 24
weathered granite
Pipeline 1400 2000 0.34 — — — 0.01
The pilot tunnel lining 2500 10,500.00 0.25 — — — 0.3
Inverted arch primary 2600 34,000.00 0.15 — — — 0.3
support
Middle pe.artltlon wall and 2500 30,000.00 0.20 . o . o
side wall
Primary support of the first 2600 34,000.00 015 . o o 03
layer of arch
Primary support of the second 2550 32,000.00 0.15 . . . 0.22

layer of arch

3.2. Influencing Factors and Parameter Values

The deformation of underground pipelines around the tunnel was affected by its
factors, design factors, construction factors and other factors. Therefore, according to the
parameter analysis method, the main influencing factors were divided into the relative
position relationship between underground pipeline and tunnel, pipeline parameters and
tunnel construction parameters. The relative position relationship between the under-
ground pipeline and the tunnel included the horizontal distance of the pipeline and the
buried depth of the pipeline. Pipeline parameters included pipeline diameter, pipeline
wall thickness, pipeline shape and pipeline material. The tunnel construction parameters
were the excavation method. Among them, the horizontal distance of the pipeline was
considered in the modelling. Nine pipelines were set in the same horizontal plane with
a spacing of 6.25 m, as shown in Figure 5. For the convenience of subsequent analysis,
the pipeline directly above the central axis of the central pilot tunnel was set as No. 1,
the pipeline in the negative direction of the X-axis on the left side of the central axis was
set as No. 2, No. 3, No. 4 and No. 5 from left to right, and the pipeline in the positive
direction of the X-axis on the right side of the central axis was set as No. 6, No. 7, No. 8
and No. 9 from left to right. Except for the horizontal distance of the pipeline, three values
were set for the other five factors on the basis of reasonably considering the parameter
value range according to the actual situation. For example, the buried depth parameter of
pipelines was taken into account that the buried depth of pipelines around the tunnel was
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within 2.5 m below the road surface as indicated in the survey documents. The diameter
of pipelines around the tunnel was between 400 mm and 1000 mm. The construction
method in the construction was considered when taking the value of tunnel construction
parameters. The influencing factors and parameter values of pipeline deformation are
shown in Table 2. When studying the influence of the change of one influencing parameter
on the deformation and stress of the underground pipeline, the other five parameters were
set according to working condition 2.

8= .
L =
(a) (b)
Figure 5. Buried pipeline: (a) Oblique drawing; (b) Side view.
Table 2. Influencing factors and parameter values of pipeline dynamic response.
Influencing Factor Condition 1 Condition 2 Condition 3
Relative position Pipeline buried depth (m) 1.5 2.0 25
relationship between Pipeline diameter (mm) 400 600 1000
underground pipeline  Pipeline wall thickness (mm) 50 75 100
and tunnel Pipeline section shape Square Circle -
Pipeline parameters Pipeline material Steel Concrete PVC
Tunnel construction Excavation of reserved Three-step

Tunnel excavation method Full section method

parameters

core soil for three steps excavation

4. Results and Discussion
4.1. Numerical Model Verification

In order to verify the accuracy of the numerical calculation model, the vertical final
settlement of the vault of the right tunnel at different distances from the portal after
the tunnel excavation in the numerical calculation and field monitoring was compared
and analyzed, as shown in Figure 6. It can be seen from the figure that the curves of
simulation results and monitoring results are similar in shape and size. The farther away
from the portal, the greater the vertical deformation of the vault. The field monitoring
value fluctuates on both sides of the simulation value. The maximum error between the
simulation value and the monitoring value is 2.13 mm, the minimum error is 0.03 mm, and
the average error is 1.03 mm. It can be seen that the numerical model has high accuracy.
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Figure 6. Vertical settlement of the vault of the right tunnel.

4.2. Influence of the Relative Position between Pipeline and Tunnel
4.2.1. Pipeline Horizontal Distance

Figure 7 shows the vertical deformation curve of the top of the pipeline at different
horizontal positions. The abscissa in the figure was the Y coordinate corresponding to the
monitoring point on the pipeline in the model, that was, the distance from the tunnel portal.
There were 9 pipelines arranged between X = —25 m and X = 25 m. The relative positions
and numbering of pipelines are shown in Figure 5a. Figure 7 indicates that except for
several monitoring points at the tunnel tail, the settlement of pipeline 1 at other locations
was generally greater than that of other pipelines, indicating that the pipeline deformation
above the central axis of the double-arch tunnel, that is, the central axis of the central pilot
tunnel, was most affected by the tunnel excavation. On the basis of the analysis of the
changing trend of a curve, it was found that the settlement of the pipeline at the portal
section was greater than that at the middle part of the tunnel, and greater than that at the
tail part of the tunnel. This is because the support structure was not perfect during the
excavation of the portal section, and the surrounding strata had a large displacement after
the release of surrounding rock stress. With the continuous progress of the excavation and
support process, when the excavation surface advanced to the middle part of the tunnel
and the tail part of the tunnel, the primary lining, secondary lining and invert arch and
other supporting structures had been relatively perfect, so the settlement of underground
pipeline was worth controlling to a certain extent. It also can be seen the settlement of the
pipeline converged at the end of the tunnel. The analysis believed that the end excavation
of the tunnel has been completed, and there was no subsequent excavation to disturb the
surrounding rock, so the pipeline settlement here was small.
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Figure 7. Vertical deformation of pipelines at different horizontal positions.

To more intuitively reflect the influence of pipeline horizontal distance changes on
pipeline deformation, the maximum settlement of the pipeline at different positions was
taken out and plotted, as shown in Figure 8. The maximum vertical deformation of the
pipeline above the central axis of the double-arch tunnel was significantly higher than that
of the pipeline at other positions. When the distance between the underground pipeline
and the central axis of the tunnel gradually increased, the maximum settlement value of

the pipeline kept decreasing.

-1.36
P 3

Pipeline maximum settlement (mm)
-

-18

-27-24-21-18-15-12 -9 -6 -3 0 3 6 9 12 1518 21 24 27
Distance from the central axis of the tunnel (m)

Figure 8. Maximum vertical deformation of the pipeline at different horizontal positions.
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4.2.2. Pipeline Horizontal Distance

Figure 9a—c successively show the cloud diagram of vertical deformation, horizontal
deformation, stress and axial force of the pipeline when the pipeline buried depth was set
toh=15m,h=2.0m and h = 2.5 m. In the three conditions, the maximum vertical defor-
mation of the pipeline was 16.0, 16.5, and 17.3 mm, the maximum horizontal deformation
of the pipeline was 4.73, 4.28, and 4.14 mm, the maximum stress of the pipeline was 1.09,
1.18, and 1.11 MPa, and the maximum axial force of the pipeline was 52.4, 54.0, and 54.8 kIN.
Both vertical maximum deformation and axial force of pipeline increased with the increase
of buried depth. With the increase of the pipeline buried depth, the maximum horizontal
deformation of the pipeline decreased slightly, and the change of the pipeline stress was
not obvious.
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Figure 9. Vertical deformation, horizontal deformation, stress and axial force of pipeline with different
buried depths: (a) h=1.5m; (b) h=2.0m; (c) h=2.5m.

To clearly analyze the influence of the buried depth of the pipeline on the settlement
of the pipeline, the settlement value of the top of pipeline 1 above the central axis of the
tunnel was drawn, as shown in Figure 10. It can be seen from the vertical deformation of
the pipeline under different buried depths that the settlement of the pipeline at the portal
section was greater than that at the middle of the tunnel, and greater than that at the tunnel
tail. Under the same conditions of other factors, the pipeline settlement caused by tunnel
excavation increased with the increasing buried depth. The vertical deformation of the
pipeline with the buried depth of 2.5 m increased by 1.45 mm at most compared with the
pipeline with the buried depth of 1.5 m. The buried pipelines of the project were within
2.5 m below the ground. Therefore, special attention should be paid to the deformation of
pipelines with large buried depth, that was, pipelines close to the tunnel.
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Figure 10. Vertical deformation of pipelines with different buried depths.
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4.3. Influence Analysis of Pipeline Parameters
4.3.1. Pipeline Diameter

Figure 11a—c successively show the cloud diagram of vertical deformation, horizontal
deformation, stress and axial force of the pipeline when the pipeline diameter was set to
d =400 mm, d = 600 mm and d = 1000 mm. The maximum vertical deformation under three
conditions were 17.5, 17.3, and 14.8 mm, respectively, the maximum horizontal deformation
was 4.13, 4.14, and 3.66 mm, respectively, the maximum stress was 0.98, 1.11, and 1.41 MPa,
respectively. The maximum axial force was 48.7, 54.8, and 70.1 kN, respectively. The maxi-
mum stress and axial force of the pipeline increased with the increase of pipeline diameter.
With the increase of pipeline diameter, the maximum vertical deformation caused by tunnel
excavation decreased, while the maximum horizontal deformation decreased slightly. The
distribution of pipeline deformation, stress and axial force were basically unchanged.
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Figure 11. Vertical deformation, horizontal deformation, stress and axial force of pipelines with
different diameters: (a) d = 400 mm; (b) d = 600 mm; (c) d = 1000 mm.

Take the settlement of the top of pipeline 1 above the central axis of the tunnel to
analyze the influence of pipeline diameter on pipeline settlement, as shown in Figure 12.
Under the same other factors, the larger the pipeline diameter, the smaller the pipeline
settlement caused by tunnel excavation. The vertical deformation of the pipeline with a
diameter of 400 mm increased by 2.97 mm at most compared with that of the pipeline
with a diameter of 1000 mm. The pipeline diameter of the project varied from 400 mm to
1000 mm, the diameter of sewage pipe was 400 mm, the diameter of gas pipe and rainwater
pipe was 500 mm, and the diameter of water supply pipe was 600 mm. Therefore, the
monitoring of the deformation of small diameter pipelines and the stress change of large
diameter pipelines should be strengthened to prevent the deformation of small diameter
pipelines from exceeding the standard value and the stress of large diameter pipelines from
exceeding the allowable stress.

4.3.2. Pipeline Wall Thickness

Figure 13a—c show the vertical deformation, horizontal deformation, stress and axial
force of the pipeline when the pipeline wall thickness was set to n = 50 mm, n = 75 mm
and n = 100 mm. In the three working conditions, the maximum vertical deformation
of the pipeline was 17.3, 17.7, and 20.0 mm, the maximum horizontal deformation of the
pipeline was 4.14, 4.25, and 4.76 mm, the maximum stress of the pipeline was 1.11, 0.94,
and 0.86 MPa, and the maximum axial force of the pipeline was 54.8, 69.6, and 85.0 kN.
The vertical deformation, horizontal deformation and maximum axial force of the pipeline
increased with the increase of pipeline wall thickness. With the increase of pipeline wall
thickness, the maximum stress of pipeline caused by tunnel excavation decreased gradually.
The distribution of pipeline deformation, stress and axial force were basically unchanged.



Appl. Sci. 2022, 12, 621 15 of 24

0
=9, ‘
it | memmx-x
-6

= xxﬁx
I

Sexaxaxx XX
14 i M ==¥ =+ Pipeline diameter d = 400 mm

==X=+ Pipeline diameter d = 600 mm

Pipeline maximum settlement (mm)

==X=+ Pipeline diameter d = 1000 mm

o o3 I I WU T TS WU S SRS SR SUN AU S U ST ST N

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Distance from the tunnel portal (m)

Figure 12. Vertical deformation of pipelines with different diameters.
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Figure 13. Vertical deformation, horizontal deformation, stress and axial force of pipeline with
different wall thickness: (a) n = 50 mm; (b) n =75 mm; (c) n = 100 mm.

The settlement of the top of pipeline 1 above the central axis of the tunnel is shown
in Figure 14. Under the same conditions of other factors, the greater the pipeline wall
thickness, the greater the settlement of the pipeline caused by tunnel excavation. The verti-
cal deformation of the pipeline with a wall thickness of 100 mm increased by 3.07 mm at
most compared with that of the pipeline with a wall thickness of 50 mm. With the increase
of pipeline wall thickness, the self-weight of the pipeline increases. After the excava-
tion of double-arch tunnel, there was an unloading surface under the pipeline. Due to
the self-weight, the pipeline deformed along with the excavation, and the settlement of
thick pipeline with large self-weight was greater than that of thin pipeline with small
self-weight. Therefore, more attention should be paid to the deformation of pipelines with
larger wall thickness.
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Figure 14. Vertical deformation of pipelines with different wall thicknesses.
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4.3.3. Pipeline Section Shape

Figure 15a,b show the vertical deformation, horizontal deformation, stress and axial
force of the pipeline with the same cross-sectional area in square and circular, respec-
tively. The maximum vertical deformation of pipeline under two conditions were 15.8 and
17.3 mm, the maximum horizontal deformation of pipeline were 39.2 and 41.4 mm, the
maximum pipeline stress were 1.34 and 1.11 MPa, and the maximum pipeline axial force
was 67.0 and 54.8 kN, respectively. When other factors were the same, the vertical and
horizontal deformation of the circular pipeline caused by tunnel excavation was larger than
that of the square pipeline. However, the stress and axial force of the square pipeline were
greater than those of the circular pipeline. The reason was that the square pipeline had
sharp corners, which was easy to cause stress concentration. The distribution of pipeline
deformation, stress and axial force basically remained unchanged.
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Figure 15. Vertical deformation, horizontal deformation, stress and axial force of pipeline with
different section shapes: (a) Square; (b) Circular.
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Take the settlement of the top of pipeline 1 above the central axis of the tunnel to
analyze the influence of different section shapes on the settlement of the pipeline, as shown
in Figure 16. When other influencing factors were the same, the vertical deformation of
the circular pipeline was increased by 1.00 mm at most than the square pipeline in tunnel
excavation. Therefore, in the actual construction, more attention should be paid to the
deformation of the circular pipeline.
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Figure 16. Vertical deformation of pipeline with different section shapes.

4.3.4. Pipeline Material

Figure 17a—c show the vertical deformation, horizontal deformation, stress and axial
force of the pipeline when the pipeline material is iron, concrete, and PVC. The physical
parameters of the pipeline material in the model are shown in Table 3.

Table 3. Influencing factors and parameter values of pipeline dynamic response.

Pipeline Materials Density (kg/m®) Elastic Modulus (GPa) Poisson’s Ratio
Iron 7900 200 0.3
Concrete 2500 25 0.2
PVC 1500 2 0.35

Figure 17 indicates that the maximum vertical deformation of pipeline under three
working conditions were 15.2, 17.3, and 17.7 mm, the maximum horizontal deformation of
the pipeline was 3.73, 4.14, and 4.38 mm, and the maximum pipeline stress was 1.11, 83.2,
and 0.69 kPa, respectively, and the maximum axial force of the pipeline was 54.8, 4.15, and
0.034 kN, respectively. The vertical deformation and horizontal deformation of PVC pipe
were the largest, and the vertical deformation and horizontal deformation of iron pipe were
small, but the stress and internal force value of iron pipe was large. Generally speaking,
the greater the stiffness of the pipeline, the stronger the ability to resist deformation and
the smaller the deformation. However, the stress and internal force of the pipeline were
large, which may lead to brittle failure when reaching the stress limit state. The smaller
the stiffness of the pipeline, the stronger the ability to coordinate deformation with the
surrounding rock and soil mass. Therefore, the settlement of the flexible pipeline was
greater, and the pipeline would be damaged when the deformation reached the limit.
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Figure 17. Vertical deformation, horizontal deformation, stress and axial force of pipeline with
different pipeline materials: (a) Iron; (b) Concrete; (c) PVC.
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The settlement of the top of pipeline 1 above the central axis of the tunnel is shown in
Figure 18. The maximum settlement of PVC pipe was 15.78 mm, the maximum settlement
of concrete pipe was 14.89 mm, and the maximum settlement of iron pipe was 13.17 mm.
Therefore, more attention should be paid to the settlement of PVC pipeline caused by
tunnel excavation, the stress and internal force of iron pipe in the aviation process, and the
segment cracking caused by settlement deformation of concrete pipe.
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Figure 18. Vertical deformation of pipeline with different pipeline materials.

4.4. Influence Analysis of Tunnel Construction Parameters

Figure 19a—c show the cloud diagrams of vertical deformation, horizontal deformation,
stress and axial force of the pipeline during full-section excavation, three-step reserved
core soil excavation, and three-step excavation. Under the three working conditions, the
maximum vertical deformation of the pipeline was 46.3, 31.7, and 17.3 mm, the maximum
horizontal deformation of the pipeline was 14.6, 4.14, and 8.79 mm, the maximum stress of
the pipeline was 1.53, 1.11, and 1.18 MPa, and the maximum axial force of the pipeline was
63.9, 54.8, and 52.0 kN. As the full-section excavation had the greatest disturbance to the
surrounding rock of the tunnel, the vertical and horizontal deformation of the pipeline were
large, followed by the three-step excavation, and the vertical and horizontal deformation
of the pipeline caused by the excavation of the reserved core soil of the three-step was
the smallest. The variation trend of pipeline stress and axial force was the same as that of
deformation, but the variation amplitude was small. Therefore, from the perspective of
controlling the deformation of the surrounding pipelines and ensuring construction safety,
the three-step reserved core soil method should be selected as the construction method for
the double-arch tunnel.
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Figure 19. Vertical deformation, horizontal deformation, stress and axial force of pipeline with

different excavation methods: (a) Full-section excavation; (b) Three-step reserved core soil excavation;
(c) Three-step excavation.
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The settlement of the top of pipeline 1 above the central axis of the tunnel is shown in
Figure 20. Under the same other factors, the settlement caused by full-section excavation
at each position of the pipeline was significantly greater than the other two excavation
methods, and the pipeline settlement caused by the three-step reserved core soil excavation
was the smallest. The maximum settlement caused by full section excavation was 36.57 mm,
the maximum settlement caused by three-step excavation was 27.15 mm, and the maximum
settlement caused by three-step reserved core soil excavation was 14.89 mm. Compared
with the other two construction methods, the three-step reserved core soil method can
effectively control the stress and deformation of the underground pipeline.
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Figure 20. Vertical deformation of pipeline with different excavation methods.

5. Conclusions

Based on the double-arch tunnel part of Haicang tunnel in Xiamen, the deformation
and stress laws of underground pipelines in different horizontal distances, buried depth,
diameter, wall thickness, shape, material and excavation methods were studied by using
numerical analysis, and the following conclusions are drawn:

(1) The underground pipelines near the central axis of the double-arch tunnel deformed
most obviously. Therefore, special attention should be paid to the protection of the
underground pipelines above the central axis of the tunnel. The pipeline should be
relocated or protected before tunnel excavation.

(2) The circular underground pipelines with large buried depth, small diameter and large
wall thickness were greatly affected by tunnel excavation, so protection measures
should be strengthened during tunnel excavation.

(38) Larger diameter and distance between the pipeline and tunnel, smaller pipeline wall
thickness or square rigid pipeline resulted in smaller pipeline deformation.

(4) Three-step reserved core soil excavation method reduced pipeline deformation com-
pared with the other excavation methods which is advantages pipeline protection.

(5) The relative position of pipeline and tunnel, and construction method had a great
influence on pipeline deformation. Pipeline type, pipeline material, pipeline diameter
and excavation method had a great influence on pipeline stress.

The influence of several main factors on the response of adjacent underground
pipelines during double-arch tunnel excavation had been discussed here with a special case.
In future, further studies on a common double-arch tunnel soil type, blast damage, hydro-
logical condition and supporting time should also be considered under certain conditions.
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