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Abstract This paper presents a method for analysis of stress
and strain of gas pipelines under the effect of horizontal
catastrophic landslides. A soil spring model was used to
analyze the nonlinear characteristics concerning the mutual
effects between the pipeline and the soil. The Ramberg—Os-
good model was used to describe the constitutive relations of
pipeline materials. This paper also constructed a finite ele-
ment analysis model using ABAQUS finite element software
and studied the distribution of the maximum stress and strain
of the pipeline and the axial stress and strain along the
pipeline by referencing some typical accident cases. The
calculation results indicated that the maximum stress and
strain increased gradually with the displacement of landslide.
The limit values of pipeline axial stress strain appeared at the
junction of the landslide area and non-landslide area. The
stress failure criterion was relatively more conservative than
the strain failure criterion. The research results of this paper
may be used as a technical reference concerning the design
and safety management of large-diameter gas pipelines under
the effects of catastrophic landslides.
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1 Introduction

Landslides are a common geological disaster frequently
occurring in mountainous areas of the southwest provinces, the
Loess Plateau in the northwest, as well as mountainous and
hilly areas of the mid-south and southeast provinces in China.
Newly built pipelines have to pass through small landslide
areas, and if it is not possible to be avoided, then during the
operation period of pipelines, soil piling, excavation and other
third-party activities around the pipeline may damage the sta-
bility of rock and earth mass, resulting in a landslide (Yu 1989;
Challamel and Debuhan 2003). The large-diameter gas pipe-
line connects the gas source to the consumer over a long route,
and it often crosses over areas with complex conditions (Hucka
etal. 1986; Hall et al. 2003). Therefore, we often suffered from
landslide disasters. Before the year 2000, more than ten pipe-
line accidents were caused by landslides and other geological
disasters occurred to the natural gas pipeline in Sichuan Pro-
vince (Wang 2014). As reported by European Gas Pipeline
Incident Data Group, the accidents caused by geological dis-
asters accounted for 13% of the total amount of gas pipeline
accidents which happened in Europe from 2004 to 2013, of
which landslides accounted for 85.2% of all geological disas-
ters, forming the leading geological disaster type (EGIG 2015).
Especially under the effects of catastrophic landslides, the
pipeline and even the surrounding people will be severely
influenced (Honegger et al. 2010; Liu et al. 2010; Zheng et al.
2012). With the continuous construction of large-diameter gas
pipelines, an increasing number of geological disasters such as
landslides caused by various factors happen along the pipeline,
which brings a great challenge to the safe operation of pipelines
(Wang et al. 2008). Therefore, it is necessary to make a stress
analysis on large-diameter buried gas pipelines under the
effects of catastrophic landslides.
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For the stress condition of pipelines under the effect of
landslides, Rajani et al. (1995) studied the stress response of
pipelines under the effect of a horizontal landslide using an
analytical method. O’Rourke et al. (1995) studied the stress
features of deviated pipeline landslide areas using the
Ramberg—Osgood power hardening formula. Deng et al.
(1998) studied the calculation methods of internal force and
deformation under other soil mass loads, during horizontal
landslides. Shuai et al. (2008) studied the failure character-
istics of pipelines under the effect of landslides. Zhang et al.
(2010) investigated the interaction of landslides and pipe-
lines. Hao et al. (2012) studied the calculation of horizontal
thrust imposed on pipelines by landslides. Lin et al. (2011)
established a soil quality landslide model under fully buried
conditions and carried out a test on the pipeline stresses
under the effects of a landslide. However, studies of the
stress condition of buried pipelines under the effects of
catastrophic landslides are rarely made. Aiming at the
working conditions of buried gas pipelines with large
diameters, the authors created a soil spring analysis model
for the pipeline under the effects of catastrophic landslides
using ABAQUS finite component analysis software, as well
as making a finite element analysis on the pipeline stresses
and deformation, which can be used as a reference for safety
design and operations in landslide areas.

2 The interactive process of landslide mass
and pipeline under the effects of catastrophic
landslides

Pipelines may pass through landslide masses through two
methods, namely horizontal pass-through and vertical pass-
through. This paper only analyzes the stress condition of
pipelines under horizontal pass-through. When the pipeline
passes through the landslide mass horizontally, the slide
direction of the landslide mass is at right angles to the
pipeline axis (Ma et al. 2006; Han et al. 2012). The evenly
distributed load endured by the pipeline is in the horizontal
and vertical directions. Under the effect of the landslide
mass, the buried pipeline may displace for a certain degree.
The accident process of the buried pipeline before and after
a landslide is shown in Fig. 1. This finite component
analysis considered the buried pipeline and the surrounding
soil mass as a system.

3 Load calculation of pipelines across landslide
mass
Considering the material nonlinearity and geometric non-

linearity of the buried pipeline and soil mass, a nonlinear
soil spring element was used to simulate the interaction of
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soil and pipes (Wang and Yeh 1985; Zheng et al. 2015).
The soil spring model disperses the effects of soil on the
pipeline to be springs with different stiffness in the axial,
vertical and horizontal directions (Kennedy et al. 1977,
limura 2004; Yan et al. 2009). The axial soil spring
parameters are decided by the backfill in the pipe ditch,
while the horizontal and vertical soil spring is determined
by the nature of soil mass around the pipeline burying site.
The soil joint was set up connected to each joint outside of
all the nodes on the pipeline, and the JOINTC unit was
used to connect the pipeline to the soil joint to simulate the
effects of a soil spring. A JOINTC unit can describe the
interactive force generated by the change of relative dis-
placement between two joints. The mechanical properties
of the soil spring were described by ultimate soil resistance
and yield displacement. T, Q,, Qg4 and P, represent the
ultimate resistance in the three directions, and At, Agy, Agy
and Ap represent the yield displacement in the three
directions, respectively, as shown in Fig. 2. The specific
value can be calculated based on the Guideline for the
Design of Buried Steel Pipeline published by American
Lifelines Alliance (ALA 2001).

When the size of the structure in the direction of
thickness is less than the sizes in the other two directions,
and when the stress in the direction of thickness can be
neglected, the shell element can be used for stimulation.
Concerning a thin-walled pipeline with a large diameter,
when the wall thickness is less than 1/10 of the overall
structure size, the pipeline is dispersed as several rectan-
gular shell elements to accurately describe the deformation
of the pipeline under the effects of force or displacement
loads, and the distribution of stress strain (Klar and Mar-
shall 2008; Liu et al. 2014; Zhao and Zhao 2014). This
paper established a long-distance pipeline model with four
joints and reduced integration shell element S4R. The S4R
element has six degrees of freedom on each joint, including
3 transitional degrees of freedom and 3 rotational degrees
of freedom.

Considering the nonlinear characteristics of pipes, the
Ramberg—Osgood (R-O) model was used to describe the
stress—strain relationship of pipes, as shown in Eq. (1):

6:%[%11(01)] .

where E is the initial elastic modulus of pipe, Pa; ¢ is strain;
o is stress, Pa; o, is the yield stress of pipe, Pa; r and n are
R-O model parameters.

During the calculation, fixed constraints were imposed
on circular joints on both ends of the pipeline to simulate
the effects of infinite extension of the pipeline on the
studied pipe section. The fixed constraints were imposed on
the area outside the landslide area, in order to limit its
movement and simulate the constraints and supporting
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(a) Landslide

Landslide
boundary Initial position of

the pipeline

(b)

Pipeline position
after landslide

Fig. 1 Accident process of the buried pipeline before and after a landslide

Transverse horizontal
Fig. 2 Schematic diagram of soil spring effect

effects on the soil mass around the pipeline (Zhang and
Huang 2012). When loading the load, the internal force is
imposed on the entire management element, and then, a
relative displacement is imposed based on the soil spring
joint in the landslide area against the landslide direction, in
order to simulate the effects of soil movement on the
pipeline. Since the volume of landslide mass is larger than
the pipeline, the integral movement of landslide is not
influenced by the pipeline when the landslide is pushing
and squeezing the pipeline. It is assumed that the move-
ment speeds of the horizontal parts of the landslide are
consistent, the displacement load of soil mass sliding
downwards is evenly distributed, and the vertical friction of
the soil mass against the pipeline is neglected.

4 Stress analysis of a pipeline in the landslide mass
in a landslide area
4.1 Model overview

The corresponding value calculation model was established
based on the design data of a large-diameter gas pipeline in

Axial

Qq
Transverse vertical

a landslide area. The entire section of the model was laid
out by burying it underground. To build in the pipeline
model, the pipeline parameters were assigned with values
shown in Table 1. The values of the soil spring parameters
were calculated according to the site survey results of a
catastrophic landslide accident, and the formula specified
in the ALA Guideline for the Design of Buried Steel
Pipeline, as shown in Table 2. The pipeline was made of
X170 steel, and the R—-O model parameters r and n were
assigned with 16.6 and 5.5, respectively, as described in the
literature (Liu and Sun 2005).

4.2 Modeling

To reduce the effect of fixed end boundary conditions on
the calculation results, circular joints at the end of the shell
element pipeline and six degrees of freedom of the soil
joints were all constrained. As described in the literature
(Liu 2008), when the length of the non-slide area was four
times the length of the slide area, the requirements for
calculation accuracy can be assured. In this case, while the
length of the landslide area is 370 m, the analysis length of
the shell element model is 1850 m.
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Table 1 Pipeline parameters

Pipe Diameter, Wall Elastic Poisson’s  Minimum Minimum Density of Transportation ~ Transportation
mm thickness, modulus, ratio tensile yield strength, natural gas, temperature, pressure, MPa
mm GPa strength, MPa ~ MPa kg m™ °C
X70 1016 21 207 0.3 570 485 95 20 3.8

Table 2 Soil spring parameters

Parameters Pipe axis direction Horizontal direction Vertical upward Vertical downward
Yield stress, kN m™! 135 821 150 10,059
Yield displacement, m 0.008 0.0886 0.1708 0.2032

The pipeline is divided into 24 elements in the cir-
cumferential direction by mesh generation against the
model. To ensure the simulation accuracy of pipeline stress
strain in the landslide area, it is necessary to densify the
mesh near the landslide area, and to set the axial length of
the three sections of pipeline elements (Sects. 2, 3, 4) at
0.25 m, and the length of Sects. 1 and 5 at 1 m, as shown
in Fig. 3. Based on the results of the site survey and ana-
lyzing the influence of different values of landslide dis-
placements, the displacement is imposed on the pipeline
slide area. The vertical displacement is set at 0.2 m, the
side displacement is set at 0.1-0.8 m and the interval is
assigned at 0.1 m.

4.3 Analysis of results

Under the effects of different landslide displacements, the
maximum stress and the maximum strain when the pipeline
passes through a catastrophic landslide mass horizontally
are shown in Figs. 4 and 5, respectively.

When the landslide area through which the pipeline
passes reaches 740-1110 m, the pipeline around it is often
severely influenced by the landslide. To analyze the stress
and strain conditions near the pipeline in this area in detail,
it is required to define a route in the axial direction of the
pipeline, and its stress and strain conditions are shown in
Figs. 6 and 7.
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2.00E+008 ~

0.00E+000 —&— Maximum tensile stress
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Fig. 4 Maximum stress of a pipeline under the effects of different
landslide displacements

It can be observed from Figs. 4 and 5 that when the
landslide displacement increases gradually, the maximum
stress and strain grows accordingly. When the landslide
displacement increases from 0.1 m to 0.8 m, the tensile
stress increases from 312 MPa to 663 MPa, the tensile
strain increases from 0.14% to 1.63%, the compressive
stress increases from 240 MPa to 566 MPa and the com-
pressive strain increases from 0.13% to 1.27%.

Under different landslide displacements, the limit values
of the axial stress and strain of the pipeline appear at 740

Pipeline Landslide scale
Section 1 ‘ Section 2 ‘ Section 3 ‘ Section 4 Section 5
370 m
R i 1850m ——————— e - - >

Fig. 3 Schematic diagram of the pipeline model passing through the landslide mass
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Fig. 5 Maximum strain of a pipeline under the effects of different
landslide displacements
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Fig. 6 Axial stress distribution of the pipeline
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Fig. 7 Axial strain distribution of the pipeline

and 1100 m, which is at the junction of the landslide area
and the non-landslide area. In addition, the limit values of
stress and strain increase with an increase in the landslide
displacement. On both sides of the landslide area, one side

S, Mises

Mid, (fraction = 0.0)

(Avg: 75%)
+5.274e+08
+4.835e+08
+4.395e+08

+8.819e+07
+4.427e407
+3.549¢405

Max: +5.274e+08
Elem: PART-1-1.44243
Node: 44268

Min: +3.549e+05
Elem: PART-1-1.1
Node: 1

Fig. 8 Stress cloud of a pipeline near the landslide area

of the pipeline is pulled and the other side is stressed. At
increasingly longer distances from the interval, the stress
values reduce.

When the landslide displacement is 0.3 m, the maxi-
mum axial stress on the pipeline is 540 MPa. When the
landslide displacement is 0.4 m, the maximum axial stress
on the pipeline is 584 MPa. If the minimum yield strength
of the pipe is exceeded, the pipeline is deemed having
failed. Upon calculation, the critical value of the landslide
displacement causing pipeline fracture is 0.36 m, as shown
in Fig. 8.

When the landslide displacement is 0.5 m, the axial
tensile strain is 0.75%, and the axial compressive strain is
0.663%. If the axial compressive strain exceeds the
allowable compressive strain (allowable compressive strain
of X70 pipeline is 0.66%), it is deemed that the pipeline
suffers from yield damage, as shown in Fig. 9.

LE, Max. In-Plane Principal
Mid, (fraction = 0.0)
(Avg: 75%)

+4.356e-03

Max: +4.356e-03
Elem: PART-1-1.44243
Node: 44268

Min: -1.665e-16
Elem: PART-1-1.5120
Node: 5145

Fig. 9 Strain cloud of a pipeline near the landslide area
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5 Conclusions

It can be found from the distributions of axial stress and
strain along the pipeline that the limit values of the axial
stress and strain appear near the junction of the slide and
non-slide areas, which is the dangerous cross section of the
pipeline.

The maximum stress and strain increase with an increase
in the landslide displacement, and the limit value points are
located at the top and bottom of the pipeline. Calibration
and verification for strength at this place should be
strengthened.

On the basis of the stress failure law, the pipeline fails
when the landslide displacement reaches 0.36 m. In
accordance with the strain failure law, the maximum strain
does not reach the failure threshold in this case, indicating
that the stress failure law is more conservative than the
strain failure law.
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