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Abstract. The excavation and maintenance of buried natural gas pipelines can lead to deformation and stress
redistribution of the pipelines and even cause secondary damage to the pipes with issues. To clarify the impact of
excavation unloading on buried pipelines, this study established a finite element three-dimensional pipe-soil
model, investigated the mechanical response of pipelines under layered excavation and evaluated various
parameters impacting the response. The parameters analyzed include the diameter-thickness ratio of the pipe,
excavation length and width, thickness of top covering soil, elastic modulus of soil, specific weight of soil and
initial displacement of the pipeline. The study results showed that the pipeline bulges upwards during excavation
unloading, the pipe top in the middle is under tension, and the bottom of the pipe is under compression.
Therefore, the axial stress and vertical displacement both increase first and then decrease, and they are dis-
tributed symmetrically along the pipeline axis; excavating the initially compressed pipeline leads to high strain
areas in the pipeline and even local buckling. The response to slope excavation is more pronounced than that to
straight trench excavation; the additional response of the pipeline increases with the increase of diameter-
thickness ratio, excavation width, thickness of pipe top covering soil and specific weight of soil, but it decreases
with the increasing soil elastic modulus. The additional response is closely related to excavation length and the
initial displacement. The results of this study can provide a reference for pipeline construction, maintenance, and

safety assessment.
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1. Introduction

Pipelines are inevitably experiencing issues such as cracking
and corrosion over time during their service lifespan due to
the impacts of the pipeline materials, construction tech-
nologies and working environments. These issues can
adversely affect production safety. In recent years, excava-
tion, inspection and repair works at vulnerable points of
pipelines in harsh environments have been performed to take
measures such as reinforcement, replacement, etc. according
to different situations [1]. Excavating the soil above a pipe
can alter the initial stress state of the soil, causing soil dis-
placement around the pipe. Such displacement can result in
the stress redistribution and deformation of the pipeline, and
in severe cases, may lead to pipeline leakage or local damage.

*For correspondence
Published online: 04 April 2024

Excavation unloading; buried pipeline; numerical analysis; axial stress; vertical displacement;

Therefore, studying the mechanical response of buried
pipelines under excavation unloading and evaluating the
pipeline safety are of great significance.

Numerous scholars have investigated the impact of exca-
vation unloading on tunnels or pipelines from three aspects:
theoretical derivation, numerical simulation, and actual
measurement. The two main methods used in the theoretical
derivation are the two-stage method of additional load and
two-stage method of additional displacement [2]. In the first
stage, the vertical additional load and soil displacement
generated by the excavation unloading in the axial direction
of the pipeline were calculated respectively without consid-
ering the existence of buried pipelines. In the second stage,
the deformation expression for the pipe is derived by con-
sidering the buried pipeline as an elastic foundation beam and
applying load or displacement on it. Most scholars treated the
tunnel as either a Timoshenko beam or an Euler—Bernoulli
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beam on the foundation [3] based on the Winkler foundation
model [4-6], the Pasternak foundation model [7, 8], the
Pasternak visco-elastic foundation model [9] and the Kerr
foundation model [10-12]; thus, considering the unloading
effect of the pit bottom and pit wall caused by foundation pit
excavation, the tunnel deformation and internal force
expressions are solved. Yao et al [13] analyzed the defor-
mation of underground tunnels and pipelines based on the
principle of the residual stress method combined with the
layered springback summation method. Zhang et al [14]
believed that the two-stage method of additional displace-
ment should be adopted for tunnel excavation, while the two-
stage method of additional load should be used for foundation
pit excavation.

Regarding numerical simulation, many scholars have
utilized finite element software such as ABAQUS [15-18]
and FLAC3D [19] to create two-dimensional [20] and
three-dimensional [21, 22] numerical models. They ana-
lyzed the mechanical response of the tunnel during exca-
vation and studied the sensitivity of various parameters.
Additionally, they proposed a simplified method for esti-
mating tunnel deformation and internal force. Some
scholars have considered the influence of excavation
machinery on pipeline [23, 24]. In terms of actual mea-
surement and analysis [25-28], researchers have summa-
rized the overall law and time-space effect law of tunnel
longitudinal deformation under foundation pit excavation
through analyzing on-site monitoring data and also derived
an empirical calculation method.

In summary, scholars have studied the responses of
existing tunnels surrounding foundation pit projects in the
unloading processes. In their analysis, they treated the
foundation pit and the tunnel as independent structures.
Nevertheless, the maintenance of buried natural gas
pipelines typically requires excavating below the pipeline,
and the excavation usually does not have the support as
strong as foundation pit engineering. Therefore, the work-
ing conditions of buried pipelines and the tunnels is dif-
ferent. This paper established a finite element three-
dimensional pipe-soil model, studied the mechanical
response of buried pipelines under layered excavation and
investigated impacts of various parameters related to pipe,
soil and excavation on the response as shown in figure 1.
The results of this study can serve as a reference for
pipeline construction, maintenance, and safety evaluation.

2. Analytical model of pipeline under excavation
unloading

2.1 Additional pipeline vertical stress caused
by excavation

This paper aimed to study the effect of shallow excavation
under the condition that there is no support or weak support
on the pit wall. Therefore, only the vertical unloading effect
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Figure 1. Pipeline response study flowchart.

at the bottom of the pit (p = ys) was analyzed, and the
integral of the basic solution of Mindlin [29] was used to
solve the vertical additional stress. Figure 2 illustrates the
theoretical model in the calculation [6].

In the figure, zj is the distance from the soil surface to the
central axis of the pipeline; d is the pipe diameter; / is
excavation length; b is excavation width; s is excavation
depth. The center of the trench aligns with the center of the
pipe; there is thus no angle between the two axes.

The point on the soil surface corresponding to the center
of the trench is defined as the origin O of the coordinate
system, and the coordinate directions are illustrated in fig-
ure 2. g, is the vertical additional stress at the point (0, y, zo)
on the pipeline axis, which was generated under the action
of unit force pd{dn at a bottom point of the trench ({, 7, s).
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Figure 2. Calculation model of the effect of excavation unloading on pipeline.
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Where, Q is the integral area of the trench, — b/2<{<b/2,
— 112<n<l/2; pg is the Poisson’s ratio of the soil.

Under the action of excavation unloading, the additional
vertical load of the buried pipe at any point is

(2)

P(y) = o.d (3)

2.2 Analytical solution of longitudinal pipeline
deformation on Winkler foundation

The elastic foundation beam model is usually used to
analyze the mechanical response of buried pipelines under
additional loads. In this paper, buried pipelines are con-
sidered as infinitely long beams on double-sided Winkler
foundations [30], as shown in figure 3. The pipeline
maintains elastic contact with the surrounding soil, and the
interaction is represented by a continuously distributed
spring layer, satisfying the deformation coordination con-
dition. Therefore, the mechanical differential equation of
the buried pipeline under excavation unloading is expressed
as

d'w(y)
dy*

Epl +2Kw(y) = P(y) (4)
Where, E; is the elastic modulus of the pipeline; [ is the
moment of inertia of the pipeline section; w (y) is the
vertical displacement of the pipeline, which is equal to the
vertical displacement of the spring layer; K = kd, k is the

coefficient of the foundation bed [12], k = E/D; E; is the
elastic modulus of the foundation soil; D is the thickness of
the foundation.

Equation (4) can be transformed into the stiffness matrix
equilibrium differential equation using the finite difference
method as follows:

{K}-{W}={P} (5)

Where, {K} is the stiffness matrix in the double-sided
Winkler elastic foundation beam theory; {W} is the pipe-
line displacement; {P} is the additional load on the pipe.

The vertical displacement of the pipeline is obtained by
solving Eq. (5).

3. Numerical analysis of effect of excavation
unloading on pipelines
3.1 Experimental verification

To better investigate the impact of excavation unloading on
pipelines, this study built an outdoor full-scale test station.
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Figure 3. Schematic diagram of double-sided Winkler
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The axial stress of the pipe top under the condition of
excavation unloading was measured, and a corresponding
three-dimensional finite element model was established.
Figure 4 shows the comparison between the results from the
experiment and the simulation. In the figure, the dimensions
of the model are 24 m x 10 m x 8 m; the size of the
excavation is 4 m x 2 m, and the height of each layer in the
2-layer excavation is 0.4 m; the size of the pipe is 1016
mm X 20 mm; the thickness of the pipe top covering soil is
0.9 m.

As shown in figure 4, both the simulated and measured
top additional axial stresses exhibit a similar trend, featur-
ing an upward convex distribution with high values at the
middle and low values at both ends. The measured values
of the first layer excavation are smaller than the simulated
values, and the difference is big. This is because the surface
soil in the experiment became denser after a long period of
settlement, leading to an increase of the elastic modulus;
however, this change of elastic modulus was not considered
in the simulation. The measured values for the second
excavation closely match the simulated values. Therefore,
the simulation results can accurately demonstrate the
mechanical response of pipelines to excavation unloading,
which validates the reliability of the finite element model.

3.2 Finite element model

It can only be simplified to the plane strain problem [17]
when the excavation length along the axial direction of the
pipe is greater than 9 times the final excavation depth;
hence, in this study, 3D finite element analysis is conducted
by ABAQUS. Considering the boundary effect of the
model, the excavation influence width is about 3 to 5 times
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Figure 4. Comparison of experimental data and simulated data.
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of the excavation depth, and the influence depth is about 2
to 4 times of the excavation depth [19]. In this paper, the
model size is 60 m x 30 m x 20 m; the excavation length
! = 10 m, and the width » = 3 m; the soil body is excavated
in six layers, h=hl 4+ h2 4+ h3 4+ h4 4+ h5S 4+ h6 = 4.5
m, as shown in figure 5.

In this paper, the research object is a X60 pipe with
diameter d = 1016 mm, wall thickness ¢ = 20 mm, density
pp = 7850 kg/m?, elastic modulus E, = 210 GPa, Poisson’s
ratio u, = 0.3, and yield stress g, = 418 MPa. The thick-
ness of the pipe top covering soil is 3 m. The pipe is located
at the center of the model and is parallel to the side of the
model, and the internal pressure within the pipe is § MPa.
The undisturbed soil is assumed as a uniform, continuous
and isotropic Molar Coulomb material with density pg

= 2000 kg/m3, elastic modulus E, = 10 MPa, Poisson’s
ratio s = 0.3, internal friction angle ¢ = 25°, expansion
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Figure 5. Schematic diagram of a 3D finite element model.
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angle [19] ¥ = 0, and cohesion ¢ = 20 kPa. The interaction
between the pipe and soil was simulated by setting surface-
surface contact pairs, defining the coefficient of friction
[31] between the contact surfaces as 0.315, and allowing
the pipe and soil to separate after contact.

In the simulation, gravity and pipeline internal pressure
were applied to the model. Once the soil stress was bal-
anced, layered soil excavation was simulated through the
life-death unit technology. The pipe and soil were meshed
using eight-node linear hexahedral elements, and the grid
around the pipe was refined. Figure 6 depicts the model
meshing diagram. Horizontal constraints were applied
around the model, and horizontal and vertical constraints
were applied at the bottom.

3.3 Analysis of simulation results

The pipeline is subjected to additional load after excavation
unloading. To demonstrate this phenomenon, figure 7
shows the stress and displacement response of the pipe
during layered excavation. The in-situ stress balance pro-
cess is denoted by Gb in this study, and the order of the
excavation layer is denoted by E-i (i = 1,2,3,...).

(1) Schematic diagram of soil grids

(2) Schematic diagram of pipe grids

Figure 6. Model mesh schematic diagram.
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As shown in figure 7, the entire pipe is in an axial tensile
state before excavation, and the axial stress is approxi-
mately 57 MPa. Once unloading from excavation occurs
above the pipe, the pipe rises upward, and additional axial
tensile stress is generated at the top of the pipe in the
excavation area, while additional axial compressive stress
is generated at the bottom of the pipe. The axial stress of
the pipe distributes symmetrically. The axial stress at the
top of the pipe first decreases and then increases from the
end of the pipe to the middle of the pipe, showing a
W-shaped distribution. On the other hand, the axial stress at
the bottom of the pipe first increases and then decreases,
showing an M-shaped distribution. During excavating from
the first layer to the fifth layer, the axial stress of the top of
the pipe in the excavation area gradually increases to reach
the maximum stress of 106.86 MPa, while the axial stress at
the bottom of the pipe gradually decreases to the minimum
stress of 8.58 MPa. When the sixth layer of soil is exca-
vated, the pipe is completely exposed and suspended, the
stress level is returned toward the initial state. The stress is
distributed in a saddle shape along the axial direction of the
pipeline. At the middle of the pipe, the stress at the top is
61.43 MPa and 52.21 MPa at the bottom, and the pipe stress
concentrates at the edge of the trench.

The vertical displacement of the pipe is approximately
normally distributed along the axial direction of the pipe-
line, and gradually increases from the end of the pipe to the
middle of the pipe. In the excavation process, the vertical
displacement of the pipe first increases and then decreases,
and the maximum displacement at the top is 18.37 mm and
the bottom is 16 mm. When the sixth layer of soil is
excavated, the pipe in the excavation area is completely
exposed and suspended, losing the support of soil; thus, the
pipe falls back, and the pipe section is flattened horizon-
tally. The maximum vertical pipe displacement at the top is
5.52 mm, and 6.11 mm at the bottom.

After the parameters of Winkler’s foundation model are
calculated using the simplified elastic space method
[12, 32], by substituting these parameters into Eq. (5), the
theoretical vertical pipe displacement values at E-1 and E-2
can be obtained. As shown in figure 7(6), the theoretical
calculation results and the numerical simulation results
agree well, which once again proves that the numerical
model in this paper is reasonable. When the excavation
depth gradually deepens and the bottom of the trench
approaches the pipeline, the calculation accuracy of the
theoretical method is decreasing; therefore, using the finite
element simulation method is necessary to study the
mechanical response of the pipeline under excavation
unloading.

As shown in figure 7, the most noticeable response to the
action of excavation unloading is at the middle of the
pipeline, and the changes of stress and displacement at the
top of the pipe tends to be more concerning than those at
the bottom of the pipe. Therefore, this paper concentrates
solely on analyzing additional stress and displacement at
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Figure 7. Stress and displacement responses to excavation unloading.

the top of the pipe in the center section of the pipeline that
are affected by various parameters of pipeline, soil and
excavation.

Excavation unloading can cause local pressure at the
bottom of the pipeline that is initially compressed, leading

to a high stress area. This can even result in buckling and
crushing of the local section.

Figure 8 demonstrates that the initial axial pressure of the
pipeline is 400 MPa, and plastic strain occurs at the pipe
bottom in the middle of the pipeline and at the pipe top on
both sides of the trench during the excavation process due
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to the combined action of external pressure and soil
unloading. After the excavation is completed, the defor-
mation parameter of the central section of the pipeline is
A = 3.18%, and the basic functions of the pipeline can still
be maintained, but the passage of the internal detector is
affected [33]. When the external pressure acting on the
pipeline reaches a certain value, excavation can cause the
collapse and buckling of the local pipeline. In severe cases,
this may lead to the self-contact collision of the pipe inner
wall, resulting in instability and damage of the pipeline.

Figure 9 shows the stress and displacement responses of
the pipe top under 1:1 slope excavation and straight trench
excavation. It can be seen from figure that the response of
the pipeline during slope excavation is similar to that of
straight trench excavation, but with a higher response
amplitude. Moreover, the maximum axial stress at the top
of the middle pipe increases by 28%, the maximum vertical
displacement increases by 74%; the final axial stress
increases by 15%, and the final vertical displacement
increases by 146%. Therefore, without support, unloading
response of the pipeline caused by slope excavation is more
hazardous than by straight trench excavation.

4. Effect of pipeline parameters on pipe response
to excavation unloading

4.1 Diameter-to-thickness ratio

Figure 10 depicts the effect of the diameter-thickness ratio
on the unloading response of the pipeline. In the analysis,
the pipe diameter is 1016 mm, but the wall thickness are 26
mm (d/t = 39), 22 mm (d/t = 46), 20 mm (d/t = 51), 18 mm
(d/t = 56), and 14.6 mm (d/t = 70), respectively, and other
parameters remain unchanged.

+0.000e+00
-1.587e-04

7T 6 9 10 11 12 13 v
Distance from the center of the pipe(m)

543 240123 4
Distance from the center of the pipe(m)

Figure 8. Distributions of deformation and plastic strain of the
pressurized pipe in the excavation process.
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Figure 9. Comparison of pipeline response between slope
excavation and straight trench excavation.

As shown in figure 10, with the increase of the diameter-
thickness ratio, the final axial stress of the pipe gradually
increases, and the high stress zone expands along the axial
direction of the pipe and gradually approaches the center of
the pipe. Both the maximum additional axial stress (vertical
displacement) during excavation and the final additional
axial stress (vertical displacement) after excavation gradu-
ally increase with the increase of the diameter-thickness
ratio. When d/t = 70, compared to d/t = 39, the maximum
and final additional axial stress on the pipe top increase by
13.17 MPa and 2.12 MPa respectively, and the maximum
and final additional vertical displacement increase by 2.27
mm and 1.27 mm, respectively. The unloading response of
thin-walled pipes is the most obvious, and damage is more
likely to occur under the same working conditions.
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Figure 10. Effect of diameter-to-thickness ratio on pipeline
unloading response.

4.2 Thickness of pipe top covering soil

This study considers excavation beneath the pipeline; thus,
the thickness of the pipe top covering soil determines the
excavation depth of the pipeline. Figure 11 illustrates the
impact of thickness of pipe top covering soil on the pipe

Sadhana (2024)49:129

unloading response. The thickness was set to 1 m, 2 m, 3 m,
4 m, and 5 m, respectively, while other parameters remain
unchanged.

According to figure 11, with the increase of the thickness
of the pipe top covering soil, the final axial stress of the
pipe gradually increases, and the high stress area expands
along the axial direction of the pipe and gradually
approaches the center of the pipe, thus causing the axial
stress in the center of the pipe to gradually increase. Both
the maximum additional axial stress (vertical displacement)
during excavation and the final additional axial stress
(vertical displacement) after excavation gradually increase
with the thickness of the pipe top covering. Compared to
the values at H = 1 m, at H = 5 m, the maximum and final
additional axial stresses at the pipe top increase by 56.45
MP and 4.69 MPa, respectively, while the maximum and
final additional vertical displacement increase by 21.22 mm
and 4.71 mm, respectively. Hence, the thickness of the soil
covering the pipeline has a significant impact on the
unloading response of the pipeline. When excavating a
deep-buried pipeline, it is necessary to provide proper
support and closely monitor the response of the pipeline.

5. Effect of excavation parameters on pipe
response to unloading

5.1 Excavation length

The excavation size directly impacts the unloading capacity
at the bottom of the trench pit, thus affecting the unloading
response of the pipeline. Figure 12 shows the effect of
excavation length on the pipe unloading response. In the
figure, the excavation length is 5 m, 7.5 m, 10 m, 15 m, and
20 m, respectively, and other parameters remain
unchanged.

As shown in figure 12(1), as the excavation length
increases, the final axial stress of the pipe gradually
increases, and the high stress zone moves along the axial
direction of the pipeline and gradually shifts away from the
center of the pipeline. Consequently, the axial stress at the
center of the pipeline gradually decreases.

According to figure 12, the maximum additional axial
stress and the final additional vertical displacement under
excavation unloading initially increase and then decrease
with the increase of excavation length. At / = 10 m, they
reach their maximum values of 49.43 MPa and 5.52 mm,
respectively. The final additional axial stress gradually
decreases while the maximum additional vertical dis-
placement of the pipeline gradually increases. Therefore,
when excavating the pipeline under the working conditions
of this study, the excavation length greater than 10 m can
be selected since the additional axial stress and the final
additional vertical displacement of the pipeline will grad-
ually decrease; however, it is critical to control the
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5.2 Excavation width

Figure 13 demonstrates the impact of excavation width on
the pipe unloading response. In the figure, the excavation
width is 2 m, 3 m, 4 m, 5 m, and 6 m, respectively, and
other parameters remain unchanged.
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As shown in figure, with the increase of excavation
width, the final axial stress of the pipeline gradually
increases, and the high stress zone expands along the axial
direction of the pipeline to approach the center of the
pipeline, resulting in the gradual increase of the axial stress
in the center. The maximum additional axial stress (vertical
displacement) during excavation and the final additional
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response.
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axial stress (vertical displacement) after excavation both
gradually increase with increasing excavation width.
Compared to the values at b = 2 m, At b = 6 m, the max-
imum and final additional axial stresses at the top of the
pipe increase by 33.31 MPa and 8.02 MPa, respectively,
and the maximum and final additional vertical displacement
increase by 11.49 mm and 6.71 mm, respectively. There-
fore, the excavation width should be controlled based on
the actual demand during pipeline excavation in order to
reduce the additional stress and displacement of the
pipeline.

6. Effect of soil parameters on pipe response
to excavation unloading

The soil surrounding the buried pipe is the medium between
the trench and the pipeline. The load generated by exca-
vation and unloading affects the pipeline through the soil,
so the parameters of the soil surrounding the pipe are clo-
sely related to the unloading response of the buried
pipeline.

6.1 Elastic modulus

Figure 14 shows the impact of the elastic modulus of soil
on the pipe unloading response. The elastic modulus was
set to 10 MPa, 20 MPa, 30 MPa, 40 MPa, and 50 MPa,
respectively, while other parameters remain unchanged.

As depicted in the figure, with the increase of the elastic
modulus of the surrounding soil, the final axial stress of the
pipeline gradually decreases, and the high stress zone
decreases along the axial direction of the pipe and gradually
moves away from the center, resulting in the gradual
decrease of the axial stress at the center of the pipeline.
Both the maximum additional axial stress (vertical dis-
placement) during excavation and the final additional axial
stress (vertical displacement) after excavation decrease
with the increase of the elastic modulus. Compared to the
values at E, = 10 MPa, at £, = 50 MPa, the maximum and
final additional axial stresses at the pipe top reduce by
30.70 MPa and 4.48 MPa, respectively, and the maximum
and final additional vertical displacement reduce by 13.23
mm and 4.63 mm, respectively. This is because when the
elastic modulus of the soil surrounding the pipeline is
small, the soil’s ability to adjust to unloading is limited, and
a larger proportion of the additional load is transmitted to
the pipeline. Conversely, when the elastic modulus of the
soil is large, the soil can better adjust to unloading, thereby
reducing the unloading response of the pipeline.
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Figure 14. Effect of soil elastic modulus on pipeline unloading
response.

6.2 Specific weight of soil

Figure 15 shows the impact of the specific weight of soil on
the pipe unloading response. The specific weight of soil in
the study was set to 15 kN-m_3, 17.5 kN~m_3, 20 kN~m_3,
22.5 kN-m_3, and 25 kN-m_3, respectively, while other
parameters remain unchanged.
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Figure 15. Effect of specific weight of soil on pipeline unloading
response.

As shown in figure 15, with the increase of the specific
weight of soil, the final axial stress of the pipe gradually
increases, and the high stress area expands along the axial
direction of the pipe and gradually approaches the center of
the pipe, thus causing the axial stress in the center of the
pipe to gradually increase. Both the maximum additional
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axial stress (vertical displacement) during excavation and
the final additional axial stress (vertical displacement) after
excavation gradually increase with the specific weight of
soil. Compared to the values at y = 15 kN-m >, at y = 25
kN-m73, the maximum and final additional axial stresses at
the pipe top increase by 24.60 MPa and 3.86 MPa,
respectively, while the maximum and final additional ver-
tical displacement increase by 9.27 mm and 3.29 mm,
respectively. Hence, the specific weight of soil has a sig-
nificant impact on the unloading response of the pipeline.
When the specific weight of soil is high, it is necessary to
provide proper support and closely monitor the response of
the pipeline.

7. Effect of initial displacement of pipe on bulging
deformation

7.1 Shape of initial displacement

The causes of accidents in long-distance oil and gas
pipelines mainly include mechanical damage, corrosion,
manufacturing defects and natural disasters. Among them,
mechanical damage, corrosion and manufacturing defects
are mainly manifested as local damage to the pipeline body,
while natural disasters cause additional deformation of the
pipeline through the disturbance of the ground. In this
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Figure 16. Initial applied displacement.
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Figure 17. Effect of initial displacement on pipeline unloading
response.

study, the initial vertical displacement was applied to the
bottom of the model through the DISP subroutine in
ABAQUS to simulate the initial deformation of the pipeline
caused by natural disasters, as shown in figure 16.

The three-dimensional spatial displacement equation for
the bottom of the model is
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y = n-sin’ (n ;—O) - sin <TCZ 1025) (6)

Where, n is any real number; x€[0,30]; ze[25, 35].

7.2 Impact of pipe initial displacement

Excavation unloading can cause the top of the pipe to be
under axial tension and the bottom of the pipe to be under
axial compression. When the initial displacement is
downward (n < 0), the pipe bottom is under axial tension
relative to the top of the pipe before excavation. This
response is opposite to the excavation response; thus, the
excavation process tends to make the pipe stress state safer.
On the other hand, when the initial displacement is upward
(n > 0), the pipe top is under tension relative to the pipe
bottom before excavation, which is the same as the exca-
vation response. As a result, the excavation process with
upward initial displacement tends to make the stress state of
the pipe more unsafe.

Figure 17 illustrates the effect of the initial vertical dis-
placement of the pipe on the unloading response of the
pipeline. The values of n was set to — 0.15, — 0.10,
— 0.05, 0.00, 0.05, 0.10 and 0.15, while other parameters
remain unchanged.

As shown in figure 17, with the increase of the initial
vertical displacement of the pipeline, the final axial stress of
the pipeline gradually increases, and the pipe top in the
excavation area transfers from a low-stress zone to a high-
stress zone; moreover, the maximum additional axial stress
(vertical displacement) during excavation increases
slightly, while the final additional axial stress (vertical
displacement) after the excavation gradually decreases.
Compared to the values at n = — 0.15, at n = 0.15, the
maximum additional axial stress and vertical displacement
at the pipe top increases by 1.90 MPa and 0.93 mm,
respectively, while the final additional axial stress and
vertical displacement decrease by 13.47 MPa and 3.12 mm,
respectively. The initial displacement of the pipe has a
relatively small effect on the maximum additional response
of the pipeline, but it can have a significant impact on the
final additional response of the pipeline.

8. Conclusion

(1) Under excavation unloading, the pipeline bulges
upwards, the top of the middle pipe is under axial
tension, and the bottom of the pipe is under axial
compression; the stress and displacement are symmet-
rically distributed along the pipeline axis. The axial
stress at the top of the pipe shows a W-shaped distri-
bution while the axial stress at the bottom exhibits an
M-shaped distribution. In addition, the vertical dis-
placement is normally distributed. During the
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excavation process, the axial stress and vertical dis-
placement first increase and then decrease. When the
pipeline in the excavation area is completely exposed
and suspended, the pipeline partially falls back, the
axial stress is distributed in a “saddle-shaped” along the
axial direction of the pipeline, and the pipeline section
is flattened horizontally.

(2) When the pipeline is initially compressed, excavation
unloading can cause a high stress zone at the bottom of
the pipeline, resulting in a large compressive strain and
even causing the buckling and crushing of the local pipe
section.

(3) Under the condition of no support, the response law of
the pipeline under slope excavation is the same as that
of the straight trench excavation, but the amplitude of
the response to unloading due to the slope excavation is
greater. The maximum axial stress of the pipe top and
the final axial stress increased by 28% and 15%,
respectively; the maximum vertical displacement and
the final vertical displacement increased by 74% and
146%, respectively.

(4) Parameter sensitivity law of pipeline unloading
response is summarized as follows:

a. The additional axial stress and vertical displacement
of buried pipelines gradually increase with the
diameter thickness ratio, excavation width, thickness
of pipe top covering soil and specific weight of soil,
and gradually decrease with the increase of soil
elastic modulus.

b. The maximum additional axial stress and the final
additional vertical displacement both initially
increase and then decrease with the increase of
excavation length; eventually, the additional axial
stress gradually decreases, while the maximum
additional vertical displacement gradually increases.

c. The initial displacement of the pipe has little effect
on the maximum additional response but has a
greater impact on the final additional response.

(5) However, it is worth noting that the parameter studies
carried out in this paper do not show the significance of
each parameter. At the same time, it is urgent to
establish a theoretical analytical model for the response
of natural gas pipeline under such excavation condi-
tions, so as to guide the practical project.
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