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Abstract: Pipelines play a dominant role in the transportation of oil and gas and the safety of pipelines
is essential for the supply of energy. However, natural disasters such as floods and land subsidence
may lead to suspended pipelines, resulting in pipeline failure accidents, causing casualties and
environmental pollution. To deal with the emergency caused by suspended pipelines, it is needed
to identify the failure mechanisms of suspended pipelines caused by natural disasters. Therefore,
this study conducts a safety analysis of suspended pipelines using a nonlinear finite element method
(FEM), considering the nonlinear pipe–soil contact and plastic deformation. A case study is conducted
to investigate the influencing parameters (e.g., the suspended length, the operating pressure, and
the fluid mass). This work demonstrates that irreversible plastic strains occur when the suspended
length exceeds 50 m, and it will reach 2% when the suspended length is 340 m. Finally, an emergency
response plan based on plastic strain and suspended length is proposed to determine the emergency
level of the suspended pipelines caused by natural disasters. This study can provide technical
support for the emergency response of pipelines in areas with frequent natural disasters, promoting
the sustainable development of oil and natural gas pipelines.
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1. Introduction

Oil and gas play a dominant role in modern industry and fife, accounting for 53% of the
used primary energies in the whole world in 2021 [1,2]. Pipelines play a dominant role in the
transportation of oil and gas, playing an essential role in energy supply. However, oil and
gas pipelines always cross different landforms such as mountains, rivers, marshes, plateaus,
cities, and permafrost, exposed to different accidental hazards and natural hazards [3–6].
Natural disasters such as floods and land subsidence and earthquakes may cause local
ground collapse or subsidence, resulting in a suspended pipeline. For instance, in 2013,
a flood caused by a rainstorm damaged the soil around a refined oil pipeline in Sichuan,
China, resulting in a suspended pipeline and the interruption of the oil supply [7]. In 2014,
a natural gas pipeline suddenly leaked due to ground subsidence, and many people were
evacuated to avoid casualties [8]. Without the support of foundations, the mechanical
properties and deformation distribution of the suspended pipe resulting from natural
disasters may dramatically change, resulting in the fracture of pipelines. The fracture of
pipelines leads to leakage of hydrocarbon products and the interruption of energy supply,
and possibly causes explosions or fire, resulting in more severe consequences. For example,
the accident of a suspended pipeline. Excessive plastic deformation occurred without the
support of soil, threatening the safety operation of the refined oil. However, without reliable
safety assessment methods, the emergency response plans were not rapidly developed,
resulting in a long interruption of refined oil transportation and economic losses.

In light of the severe consequences of suspended pipelines caused by natural disas-
ters, failure analysis using advanced techniques is vital to determine the safety level of
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suspended pipelines and formulate an emergency response plan. However, past research
mainly focuses on the span analysis of offshore pipelines [9], and the failure analysis of
suspended pipelines is invariably ignored. Wu et al. [10] analyzed suspended pipes by
using CAESAR II software, while the software is a pipeline design software that cannot
obtain the precise and fine stress and strain distribution of pipelines and fully reflect the
failure mechanisms. In the pipeline stress analysis domain, simplified analytical methods
are always used for design while advanced finite element methods are the main methods
to investigate the failure mechanism caused by nature disasters [11]. Peng and Luo [12]
proposed a beam-bending model for calculating the stress status of the suspended pipe
resulting from soil subsidence. Cao et al. [13] obtained a similar model for underground
pipelines due to the operation of mines. Karamitros et al. [14] proposed a stress calculation
technique for pipes that cross multiple faults. Hendriks et al. [15] calculated the strain
state of a pipe subjected to land sinks by developing mathematical models. Mathematical
models for analyzing pipes exposed to faults were also developed [16,17]. Additionally,
Zhang et al. [18] investigated the stress of a pipe exposed to landslides triggered by rains
by establishing an analytical model based on the Pasternak two-parameter model. Liao
et al. [19] employed a beam bending model and finite element method to analyze the
long-span suspended pipeline stress deformation.

In addition to analytical methods, more attention has been paid to finite element
methods (FEM) to model the nonlinear mechanical behaviors of plastic deformation and
pipe–soil contact [20–22]. The nonlinear FEM has been extensively used for failure analysis
of buried pipelines under geological disasters. Wang et al. [23] analyzed the suspended
pipeline deformation, stress, and strain by a finite element method. Zakeri [24] employed
CFD for analyzing a subsea pipe considering the drag forces caused by the ocean current.
Shao et al. [25] presented a nonlinear FE model for analyzing a subsea pipe, considering the
effects of submarine mud. Kunert et al. [26] proposed a nonlinear FEM strategy for calculat-
ing the stress of pipes located in rainy-forest areas. Zhang et al. [27] investigated the rupture
of welded pipes with cracks by using a nonlinear numerical method. Saeedzadeh and
Hataf [28] presented a numerical study of the assessment of the influence of soil properties
and field conditions in pipeline floatation. Zheng et al. [29] analyzed the stress of pipelines
caused by landslides by using a nonlinear algorithm in FEM. Zhang et al. [30] investigated
the bulking behavior of buried gas pipelines under strike–slip fault displacement by a finite
element method. Liu et al. [31] analyzed the stress and failure of pipelines in the lifting
process by a finite element method. Vazouras et al. [32] combined a FEM and an analytical
method to investigate the stress status of pipes exposed to faults. Tavakoli Mehrjardi and
Karimi [33] conducted a finite element method to analyze a buried steel pipe exposed to
impact loads caused by rockfall and provided a suggested selection method for the buried
depth of pipes to keep the safety of the pipe. Ma et al. [34] conducted a FEM to study the
strain characteristics of a pipe exposed to landslides, and the results were almost identical
to the results of strain test experiments. Cheng et al. [35] developed a FEM to explore the
stress status of buried pipes in seafloors, considering the influence of buried depths. Tsatsis
et al. [36] investigated pipe fragility exposed to slope failure-induced displacements using
a finite element method and considering the uncertainty using fragility curves.

According to the above analysis, the safety status of suspended pipelines triggered by
natural disasters is always ignored, and there is a lack of emergency response research for
dealing with the suspended pipelines caused by natural disasters. In this study, a nonlinear
finite element analysis for suspended pipelines due to natural disasters is performed,
considering the nonlinear pipe–soil interaction and plastic deformation. The critical factors
that may affect the safety status of suspended pipes are investigated based on FEM analysis.
Additionally, a comparison between the results of the FEM analysis and the conservative
analytic method is conducted, and a rupture risk index is developed to determine the
emergency response levels. Finally, different emergency measures for different emergency
levels are formulated for dealing with suspended pipelines triggered by natural disasters.
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This paper consists of five sections. Section 2 introduces the materials and methods
used for finite element analysis. Section 3 presents the results obtained from the FEM
analysis and the analysis of critical factors. According to the simulation results, Section 4
establishes an emergency response plan for suspended pipelines caused by natural disasters.
Finally, the conclusions drawn from the FEM analysis and emergency response research
are summarized in Section 5.

2. Materials and Methods

The suspended pipeline triggered by natural disasters can be simplified as a pipeline
with two rectangular soil masses at the ends of the pipeline, as shown in Figure 1. The
geometric size of a soil mass is characterized by its length, width, and height. The pipe
consists of three parts: the suspended section, the buried section on the left, and the buried
section on the right. The buried depth indicates the length between the pipe centerline and
the upper surface of the soil mass.
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Figure 1. Geometric model of suspended pipeline triggered by natural disasters.

For investigating the rupture mechanism of suspended pipes, the parameters of a
real suspended pipeline triggered by a flood are used as the input of the geometric model.
The total pipe length is 480 m; the diameter equals 219.1 mm, with a wall thickness of
6.4 mm, including a suspended part is 320 m. The length of one side soil model is 80 m in
length, 4 m in height, and 4 m in width, and the buried depth is 2 m. The transmission
medium of the pipeline is oil; with a density of 840 kg/m3. The internal pressure is 4 MPa.
The pipe is produced by API X52 pipeline steel. This pipeline steel is always applied in
low-medium pressure transport of oil and gas. Figure 2 shows the nonlinear relationship
between the stress and strain of the pipeline steel. The yield strength σy is 375 MPa, and
the other mechanical parameters are shown in Table 1.
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Table 1. Main parameters of the finite element model.

Parameters (Units) Values

Soil length (m) 80
Soil depth (m) 2

Suspended length (m) 320
Pipeline diameter (mm) 219.1
Internal pressure (MPa) 4

Oil density (kg/m3) 840
Pipeline material X52 steel (API)

Yield strength (MPa) 375
Poisson’s ratio 0.3

Elastic modulus (E) 203

The Drucker–Prager model is adopted for modeling soil behavior, since it is suitable
to model soil’s mechanical behaviors and is widely used to model the contact between the
soil and pipelines [37,38]. According to the model, soil behavior is characterized by five
parameters, and the values of the soil parameters are listed in Table 2.

Table 2. Soil model parameters.

Ps (kg/m3) Es (Mpa) υs c (kPa) ϕ (◦) ψ (◦)

1450 40 0.4 30 12.3 0

The analysis of the suspended pipelines is examined numerically by using the ad-
vanced computational software ANSYS [39]. An elasticplastic model with large-strain and
isotropic is employed for the X52 pipeline. A frictional contact element is adopted to model
the interface between the soil and the pipe. The element is described by friction coefficient,
which is 0.3 in this study. The 3D finite element model is developed to investigate the stress
status of the pipe, as shown in Figure 3. Eight-node and hexagonal grids are employed
to mesh the pipeline and soil model, which includes 588,100 nodes and 273,822 nodes,
respectively. Loads of the pipeline include its pipeline gravity, fluid gravity, and internal
pressure besides the soil load. Three-step loads are added to the model in the solving pro-
cess. The load sequence is as follows: pipeline gravity, fluid gravity, and internal pressure.
The Augmented Lagrange method is selected as the nonlinear contact algorithm.
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The boundary conditions of this model are set according to the real pipeline conditions.
The axial displacement of the pipe is fixed. The displacement of gravity direction of the soil
bottom is fixed due to the support of lower soil.

3. FEM Analysis Results

The FEM model of the suspended pipeline with a length of 320 m is solved, considering
the plastic nonlinear behavior of the pipeline steel and nonlinear contact between the
pipeline and soil, as well as the pipe mass and the transferred oil. Figure 4 shows the
equivalent stress along the pipeline. The stress concentration locations appear on both
ends of the suspended pipeline section. The distribution of the equivalent, axial normal,
and maximum principal stresses along the pipeline is shown in Figure 5a. The results
indicate that the three stresses along the pipeline show similar varying tendencies, and the
curve of the normal stress coincides with the curve of the principal stress. Therefore, the
axial stress caused by the suspended pipeline is a leading factor in the process of pipeline
failure. For the following analysis, both the equivalent stress and the axial normal stress are
considered. The critical locations in which the ES exceeds the pipeline yield stress appear
at both ends of the suspended section. The length of the critical location is 0.9 m, and the
MES is 447.3 MPa, which is 1.19 times the yield limit.
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Figure 5b depicts the elastic strain and plastic strain along the pipeline. The maximum
equivalent plastic strain along the pipeline is 1.64%. The maximum equivalent elastic
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strain is equal to 0.22%, and they are both in critical locations. The elastic deformation is
negligible compared with the plastic deformation in the critical location and other locations
instead. The elastic strain remains unchanged along the suspended section other than in
critical locations. The stress and strain nearly distribute symmetrically and the center is the
pipe axis.

The deflection distribution along the pipeline is shown in Figure 6. The maximum
deflection of this pipeline is 7.4 m, which is far more than the accepted value in oil and gas
pipeline engineering. The deflection should not be more than 0.005 times the suspended
length in China [40]. The deflection along the pipeline also distributes symmetrically
and the maximum deflection is located at the midpoint of the suspended pipeline section.
Meanwhile, the real deflection is 7.1 m, which approaches the calculation value. It concludes
that the nonlinear FEM, which is employed for analyzing the suspended pipeline, has
strong feasibility. As the case results by the nonlinear numerical method, the maximum
equivalent stress has exceeded the yield stress of X52 and the serious plastic strain occurs
in the critical location. The suspending of the pipeline can lead to serious risks to the safety
operation of pipelines. Nevertheless, the failure process of the suspended pipe is unclear. In
the current study, factors such as the suspended length, the ratio of diameter and thickness,
and the fluid mass, which influence the failure of the suspended pipeline, are analyzed to
grasp the failure mechanism and critical influence factors.
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3.1. The Effects of Suspended Lengths

To explore the influences of suspended lengths, results are calculated by using 219.1 mm-
diameter and 6.4 mm-thickness X52 Steel pipelines with suspended lengths ranging from
50 to 320 m. The contact nonlinear and the metal plastic deformation are also considered in
the numerical simulation. The soil parameters are identical to the parameters used in the
last Section.

Figure 7a lists values of MES and the axial normal stress in terms of suspended length.
The results show that both stresses raise with the increase in lengths. The rate of growth
has a decreasing tendency and changes dramatically when the suspended length is 100 m.
This result demonstrates that the pipeline suffers different deformation stages and it can
also be obtained in Figure 7b.

Figure 7b depicts the values of the MES, elastic-strain, and plastic-strain in terms of
the suspended length. As shown in Figure 7b, the plastic strain appears when the length
exceeds 50 m. Elastic deformation is the main cause of pipeline strain when the length
does not exceed 100 m, while plastic deformation becomes the dominant factor when the
suspended length is over 150 m. The plastic deformation rapidly increases while the elastic
changes slightly in the plastic deformation stage.
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The total strain in the critical location under different suspended lengths is illustrated
in Figure 8. The critical locations rapidly enlarge with increasing the suspended length
and the maximum value ranges from 0.13% to 1.87%. Figure 9 shows the deflection along
the axial varies with the length. The maximum deflection of the pipeline with a 320 m
suspended length improves to 7.4 m, which is 12.6 times that with a 50 m suspended length.
As a result, the suspended length has a significant influence on the failure process.

Sustainability 2022, 14, x FOR PEER REVIEW 7 of 15 
 

  
(a) (b) 

Figure 7. (a) The MES and the ANS versus the suspended length (b) the maximum EES and the 
maximum EPS versus the suspended length. 

The total strain in the critical location under different suspended lengths is illustrated 
in Figure 8. The critical locations rapidly enlarge with increasing the suspended length 
and the maximum value ranges from 0.13% to 1.87%. Figure 9 shows the deflection along 
the axial varies with the length. The maximum deflection of the pipeline with a 320 m 
suspended length improves to 7.4 m, which is 12.6 times that with a 50 m suspended 
length. As a result, the suspended length has a significant influence on the failure process. 

 
Figure 8. The total strain in the critical location versus the suspended length. 

 
Figure 9. The deflection along axial under different values of the suspended length. 

Figure 8. The total strain in the critical location versus the suspended length.

Sustainability 2022, 14, x FOR PEER REVIEW 7 of 15 
 

  
(a) (b) 

Figure 7. (a) The MES and the ANS versus the suspended length (b) the maximum EES and the 
maximum EPS versus the suspended length. 

The total strain in the critical location under different suspended lengths is illustrated 
in Figure 8. The critical locations rapidly enlarge with increasing the suspended length 
and the maximum value ranges from 0.13% to 1.87%. Figure 9 shows the deflection along 
the axial varies with the length. The maximum deflection of the pipeline with a 320 m 
suspended length improves to 7.4 m, which is 12.6 times that with a 50 m suspended 
length. As a result, the suspended length has a significant influence on the failure process. 

 
Figure 8. The total strain in the critical location versus the suspended length. 

 
Figure 9. The deflection along axial under different values of the suspended length. Figure 9. The deflection along axial under different values of the suspended length.



Sustainability 2022, 14, 17045 8 of 15

3.2. The Effects of D/t

The influence of D/t on pipeline safety status is investigated by considering different
values of D/t, under an identical length, operating pressure, and soil conditions. The
results are obtained for the 219.1 mm diameter X52 steel pipelines with thicknesses between
5.6 mm and 11 mm, being equivalent to D/t values from 19.9 to 39.1.

Figure 10 shows the simulation results for investigating the critical factor of D/t.
Figure 10a presents the MES and the MAS versus D/t. The curves show an obvious growth
with increasing values of the D/t, which implies that thin-wall and large-diameter pipelines
are more likely to fracture and fail in a suspended state caused by natural disasters.
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Figure 10. (a) The MES and the MAS versus D/t and (b) the elastic strain and the plastic strain versus D/t.

The Maximum Equivalent plastic strain substantially rises with the increase of D/t.
The Maximum Equivalent elastic strain shows a slight increase tendency with increasing
the value of D/t. The results also indicate that the critical location has gone into the plastic
deformation stage, and the plastic strain is the main deformation pattern.

Figure 11 shows the influence of D/t on the total strain in the critical location. The
strain quickly reaches the maximum at the end of the suspended segment and also increases
with the increasing D/t. The effects of the D/t on the pipeline deflection are also shown in
Figure 12. The maximum deflection raises 11.8% to 4.47 m while D/t rises from 19.9 to 39.1.
The ratio effect is insignificant compared with the suspended length.
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3.3. The Effects of Operating Pressure

The influence of the operating pressure on pipe safety status is also examined by
considering identical length, D/t, and other parameters. The result is obtained via 219.1 mm
diameter X52 steel pipelines with a thickness of 6.4 mm. The operating pressure is the
main basis of oil and gas pipeline design, and it must meet the safety requirements by the
following expression [41,42]. Therefore, the maximum value of the operating pressure Pmax
is obtained as 15 MPa when the design factor is equal to the maximum (0.72).

P ≤ F
2σyt

D
(1)

Figure 13a presents the values of the MES and the MAS under different operating
pressure. The results show that the maximum equivalent stress rises just 4.7% when the
operating pressure improves sharply from 1 Mpa to 15 Mpa. As shown in Figure 13b, the
equivalent plastic strain presents a low growth rate while the operating pressure is less
than 12 Mpa.
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The total strain at the critical location for different operating pressure in Figure 14
also shows that the operating pressure has a slight influence on the strain. The numerical
results also reveal the relation between the suspended pipeline deflection and the operating
pressure in Figure 15. The maximum deflection slightly improves by 9.0% to 4.66 m while
the operating pressure increases from 1 MPa to 15 MPa. Therefore, we can conclude that
normal pressure is not critical for the failure of the suspended pipes.
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3.4. The Effects of the Fluid Gravity

The effects of fluid gravity are investigated in this subsection. The operating pressure
is the main consideration during the design of the buried pipeline without regard to the
effects of the fluid gravity, as shown in Equation (1). However, the fluid gravity has an
impact on the suspended pipeline resulting from the loss of the ground support, especially
for the liquid pipeline as depicted in Figure 16a. The ES with fluid gravity is all greater than
those without fluid gravity along the axial. The maximum relative difference is 43%, and
the average relative difference value is 39% along the axial. Figure 16b shows the maximum
equivalent stress in terms of the suspended length with fluid gravity and without fluid
gravity. The values of the maximum equivalent stress with fluid stress are also greater
than those without fluid gravity under different suspended lengths. The maximum relative
difference is 40%, and the average relative difference is 19%.
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Figure 17a depicts the maximum total strain under different values of the suspended
length versus fluid gravity. The results demonstrate that the strain rises with increasing
length. The relative difference is 40% when the suspended length is 50 m, and the relative
difference is 144%.
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Figure 17b shows the maximum deflection under different values of the suspended
length versus fluid gravity. The total strain has a near-linear increasing tendency with
increasing the suspended length. The slope with the fluid gravity is 0.025, and it is
0.021 without the fluid gravity. The absolute difference also increases with the increase
in length. Therefore, The effects of fluid gravity can’t be ignored especially for long-
suspended pipelines.

4. Emergency Response to Suspended Pipelines Caused by Natural Disasters
4.1. Emergency Decision Criteria

According to the nonlinear FEM analysis, the pipeline’s safety mainly depends upon
the critical locations on the ends of the suspended section. D/t, the operating pressure, and
the fluid gravity all have an impact on the plastic deformation of critical locations. The
pipeline failure can be accelerated by increasing these factors. However, the suspended
length plays a crucial role in pipeline failure. The pipeline appears plastic deformation
when the suspended length exceeds 50 m. At present, no standard is proposed specifically
for the safety evaluation and emergency response of suspended pipelines. However, for
the engineer design, an analytic calculation approach for axial normal stress is provided in
ASME B31.4 [41], and the axial normal stress σa is obtained:

σa =
PD
4t

+
iM
Z

+
Fa

A
(2)

where σa is the axial normal stress, MPa; A is the metal area of the nominal pipeline cross-
section, mm2; D is the diameter of the pipeline, mm; Fa is the axial force, N; and i is the
component stress intensification. For a straight pipeline, i = 1.0. M is the bending moment
across the nominal pipe cross-section due to weight or seismic inertia loading, N m; P is
the pressure, MPa; and t is the thickness of the pipeline, mm. The bending moment M of a
suspended pipeline is calculated:

M =
ql2

12
(3)

where q is the Pipeline load per unit length, including pipe gravity and fluid gravity, N/m,
and l is the length, m. According to the above expressions, and regardless of the thermal
stress (i = 1 and Fa = 0), the maximum allowable suspended length can be obtained.
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lmax =

√√√√12Z
(

σy − PD
4t

)
q

(4)

The section modulus Z is calculated:

Z =
π

32000
D3

(
1 −

(
D − t

D

)4
)

(5)

The maximum allowable suspended length of the pipeline model proposed in Section 2
is 32 m by this analytic calculation method. Compared with the result of the nonlinear FEM
(50 m), the current standard for engineer design has a safety factor of 1.56 times. This stress
calculation method is only appropriate for elastic deformation pipelines. The maximum
permitted strain is limited to 2% if the stress is greater than the yield in ASME B31.8 [42].
Further nonlinear finite element calculation indicts that the suspended length is 340 m
when the total strain is 2%. Namely, the maximum suspended length for engineer design
is 50 m, and it can be 340 m for the safety limit. This result also can explain the fact that
the pipeline with 320 m suspended length does not fracture. For emergency response, the
pipeline is designed according to design standards, and operating pressure and D/t are
conservatively designed. As a result, the emergency response for suspended pipelines
caused by natural disasters should focus on the fluid inside the pipeline and the suspended
length. Additionally, emergency response levels are determined based on plastic strain and
suspended length.

4.2. Emergency Levels and Treatment Measures

To support the decision-making on emergency response to suspended pipelines trig-
gered by natural disasters, emergency levels are developed according to the suspended
length (Table 3). Emergency response is divided into four levels and each level has different
treatment measures. Level I represents the condition in which the suspended length is no
more than 50 m and there is no plastic deformation. At this level, the transportation opera-
tion can be normally conducted, and the loss of soil caused by natural disasters should be
refilled as soon as possible to restore soil support to the pipeline. If the length is larger than
50 m, the plastic strain may occur while it is not dominant until the suspended length is
larger than 150 m. This emergency condition is called Level II, in which the transportation
operations should be interrupted to reduce the risk and the loosed soil should be filled to
restore the stress status of the pipeline as soon as possible. Level III indicates the strain is
dominated by plastic deformation, while the strain is less than 2% when the suspended
length is larger than 150 m and less than 340 m. In Level III, the pipeline should be replaced
before the restoration of soil support. If the suspended length is larger than 340 m and the
strain exceeds 2%, the rupture risk is very high, and additional measures should be taken
to deal with possible major accidents such as a leak, fire, and explosion.

Table 3. Emergency response levels and treatment measures.

Emergency Levels Descriptions Treatment Measures

I
l < 50 m Low risk, no plastic strain. Normal transportation operations, refill the soil in the

suspended section.
II

50 m≤ l < 150 m
Medium risk, there are elastic strain and plastic
strain, while mainly elastic deformation.

Stop transportation operations and refill the soil in the
suspended section as soon as possible.

III
150 m≤ l < 340 m

High-risk, plastic strain is dominant but the
strain is less than 2%.

Stop transportation operations, replace the suspended
pipe, and refill the soil in the suspended section.

IV
l ≥ 340 m

Very high risk, with a strain larger than 2%, and
even causes oil leakage, fire, and explosion.

Stop transportation operations, evacuate surrounding
people, prepare for leakage rescue, fill the soil in the
suspended section, and replace the suspended pipe.
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5. Conclusions

To deal with the frequent accidents of suspended pipelines triggered by natural
disasters, a safety analysis of suspended pipelines on the basis of a nonlinear FEM is
conducted and an emergency response plan is proposed based on the safety analysis. The
nonlinear FEM is proposed to analyze the failure mechanisms of suspended pipelines and
support decision making during emergency response.

(1) The finite element results show that the case pipeline with 320 m suspended length
is in a high-risk status with a 447 MPa equivalent stress and 1.8% total strain at the
critical locations.

(2) The stress, strain, and deflection are symmetrical along the perpendicular bisector of
the pipeline. Both the maximum stress and strain appear at the ends of the suspended
section, which are defined as critical locations, and the safety of suspended pipelines
depends on the locations.

(3) The factors of suspended length, the ratio of diameter to thickness, the internal
pressure, and the fluid inside the pipe influence the safety of suspended pipelines.
The pipeline stress, strain, and deflection increase with increasing these factors. The
suspended length is the most critical factor for the safety of the suspended pipeline.

(4) The irreversible plastic strain occur if the suspended length exceeds 50 m and becomes
dominant when the length exceeds 150 m, and the total strain reaches 2% when the
suspended length is 340 m.

(5) An emergency plan with four emergency levels based on plastic strain and suspended
length is developed to deal with different suspended pipelines caused by natural disasters.

(6) This study only considers the X52 steel, and thus, other steels such as x70 and x80
may be considered in the future. Additionally, the coupling effects of different natural
disasters and hazardous scenarios may also be considered to improve the application
of this study. In addition, this study may be extended to analyze submarine pipelines
by changing the model parameters such as loads and boundary conditions.
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