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1. Introduction

The study aimed to evaluate the behavior of typical natural gas transmission pipe-
lines in landslides and investigate the effect of various parameters such as internal
pressure, pipe diameter, and soil type on their active lengths. Nonlinear Finite
Element Analyses (FEA) were performed using the Winkler-type beam-on-spring
model to evaluate the pipeline response in landslides. The FEA results showed that
the stress and strain distribution along the pipeline were primarily positive, which
indicated that the ground movement was resisted by axial tension force (membrane
action) of the pipeline. The maximum axial strain occurred at the beginning and the
end of the landslide zone, indicating that the pipeline would fail at these locations.
The FEA results also indicated that the maximum axial forces in all cases were very
close to the section capacity of the pipe, indicating that landslide-induced ground
displacements resulted in very high axial force and relatively low bending moment
in typical natural gas transmission pipelines. The PRCI guidelines provide an equa-
tion for estimating the anchor length of buried steel pipelines, but the results of this
study indicate that the anchor lengths are much larger than those calculated by the
PRCI equation. A proposed equation based on ultimate strength of the pipe section
is suggested for calculating anchor length, which gives a good estimate of the
anchor length with an average error of 4% relative to the analytical results. Over-
all, the study concluded that the internal pressure of the pipeline had no significant
effect on the anchor lengths of the pipelines, and the proposed equation provides a
more accurate estimate of the anchor length of typical natural gas transmission
pipelines.

Natural gas transmission pipelines are crucial
components of the energy infrastructure, providing
an essential source of fuel for homes, businesses
and industries. However, these pipelines are
vulnerable to various hazards along their route,
such as landslides triggered by excessive rainfall
or earthquakes. Landslides can disrupt the pipeline's
integrity and cause significant damage, including
leaks, ruptures and explosions.

Pipelines located in areas prone to landslides are
at a higher risk of damage, which can result in
economic and environmental losses. Disruptions
caused by landslides have been shown to have
direct and indirect economic consequences (Mori,
et al.,, 2012). Large ground movements associated
with landslides significantly deform the pipeline and
result in excessive pipe stress. As the dimensions of
the landslide increase, so does the force on the

Available online at: www,jseeonline.com






Performance Evaluation of Natural Gas Transmission Pipelines in Landslides

mountainous terrain. The authors investigated
several case studies and provided recommenda-
tions to mitigate potential hazards. They highlighted
the importance of proper site investigation, design
considerations, and construction techniques to
reduce the risks associated with pipeline installation
in such regions.

Kennedy et al. (1977) conducted an experi-
mental study to determine the effects of fault
movements on buried oil pipelines. The study
aimed to investigate the behavior of the pipeline
and its response to fault movements. The authors
concluded that pipeline deflection during fault
movement depends on various factors such as the
pipeline material properties, soil strength, and burial
depth.

Wang and Yeh (1985) presented a refined
seismic analysis of buried pipelines for fault
movement. The authors developed a finite element
model to analyze the behavior of pipelines subjected
to seismic loads due to fault movement. The study
highlighted the importance of considering the
effect of soil-pipe interaction on pipeline behavior.

Chiou et al. (1994) studied the response of
buried pipelines to fault movements using finite
element analysis. The authors considered various
parameters such as pipe diameter, burial depth,
and fault displacement. The study showed that the
maximum strain in pipelines significantly increases
with increasing fault displacement and decreasing
burial depth.

Liu and O'Rourke (1997) investigated the
behavior of continuous pipelines subjected to
transverse permanent ground deformation (PGD)
during earthquakes. The authors analyzed the
effect of PGD on pipeline behavior and proposed
a simplified design method for buried pipelines
subjected to this type of loading.

O'Rourke and Liu (2012) presented a compre-
hensive review of the seismic design of buried and
offshore pipelines. The authors discussed various
design aspects such as seismicity, soil-structure
interaction, and pipeline material properties. They
also provided recommendations for designing
pipelines that can withstand seismic loads.

Banushi and Squeglia (2018) developed equiva-
lent-boundary conditions for seismic analysis of
buried operating steel pipelines. The authors used
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the finite element method to simulate the behavior
of pipelines subjected to seismic loads. The study
showed that the proposed methodology can pro-
vide accurate results while reducing computational
effort and time.

Vasseghi et al. (2021) carried out a failure
analysis of a natural gas pipeline subjected to a
landslide. The authors used numerical simulation
to investigate the behavior of the pipeline and
identified the causes of failure. The study highlighted
the importance of considering the effects of soil
strength, pipeline material properties, and pipeline
geometry on the behavior of pipelines during land-
slides. This study also indicated that the anchor
length calculated by the PRCI equation under-
estimates the actual anchor length.

Demirci et al. (2021) conducted experimental
and numerical studies to analyze the behavior of
buried continuous pipelines crossing strike-slip
faults. The authors investigated the effect of fault
width, burial depth, and pipeline diameter on pipeline
behavior. The study showed that the pipeline's
maximum stress significantly increases with
increasing fault width and decreasing burial depth.

Overall, the reviewed papers provide valuable
insights into the behavior of buried pipelines under
permanent ground displacements. The studies
highlight the importance of considering various
factors such as soil-pipeline interaction, pipeline
material properties, and pipeline geometry when
designing pipelines in mountainous regions. The
literature suggests that the anchor length of pipe-
lines subject to landslides is influenced by a variety
of factors including slope inclination, soil properties,
pipeline burial depth, and pipe properties. These
findings can help improve the design practices
and mitigate the risks associated with pipeline
installation in such areas. However, further research
is needed to fully understand the complex inter-
actions between these factors and to develop more
effective strategies for ensuring the safety and
reliability of natural gas transmission pipelines in
landslide-prone areas.

3. Numerical Modeling

The present study utilized ANSYS finite
element software to evaluate the behavior of
typical pipelines during landslides. The pipeline
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orientations were assumed to be perpendicular to
the direction of landslide movement. Nonlinear
static analysis was performed on FE models of the
pipelines under various conditions. The FE models
consisted of pipe elements supported by Winkler-
type springs, where the soil-pipe interaction was
modeled using nonlinear spring elements. Nonlinear
two-node pipe elements are used to represent the
pipeline. The pipe element (PIPE-288) has the
capability to simulate large plastic strain, but it
could not simulate local bucking failure. However,
pipelines oriented perpendicular to the direction of
landslide movement are not susceptible to local
buckling failure. They resist the landslide move-
ment by developing axial tension in the pipe, and
the failure mode is typically ruptured due to the
high axial tension (PRCI, 2009; Vasseghi et al.,
2021).

The FE model had a total length of 1500 m and
included 500 pipe elements (3 m long) with three
discrete spring elements at each node. It was
assumed that the pipe element was thick-walled
with a linear shape function. The analyses were
conducted in two stages, where internal pressure
was applied to the pipe elements during the first
stage, and landslide-induced ground displacement
was applied to the base of the corresponding soil
springs in the second stage. The pipeline response
was evaluated at internal pressures of zero, 3.45 MPa
(500 psi), and 6.90 MPa (1000 psi).

3.1. Landslide Displacement

The ground movement was simulated by
applying displacement compatible with that of a
landslide to the ground end of the spring elements.
Different functions were considered to describe
the landslide displacement pattern. O'Rourke
(1988) suggested a beta probability density function
to approximate the landslide displacement profile.
O'Rourke (1989) used a simple cosine function
and Suzuki et al. (1988) proposed a cosine function
raised to the power of n to define the displacement
pattern of landslides as:

y(x)zB[l—{cos‘;[/—)j ] (1)

where y(x) is the ground displacement across the
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landslide, x is the distance measured from the
center of the landslide, o is the peak ground dis-
placement, W, is the landslide width and n is an
even integer number. This equation that is also
recommended by the Pipeline Research Council
International (PRCI, 2009) was used for this
study. The profile for a landslide width of WS =
120 m, peak ground displacement of 6=20 m,
and n=10 is shown in Figure (3).
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Figure 3. Ground displacement pattern.

3.2. Soil and Pipe Material Properties

Pipelines with diameters of 12, 20, 30 and
48 inches at a burial depth of 1.20 m were analyzed
in this study. In the guidelines of the Seismic
Design of Buried Pipelines (IITK-GSDMA, 2007),
it is recommended that the backfill soil around the
pipeline should be loose granular soil to reduce
the forces on the pipeline. In this study, conventional
loose sand was considered as the backfill soil
around the pipe. The trench was assumed to be
filled initially by loose sand and then by native soil
as shown in Figure (4). The native soil was
assumed to be either soft soil (loose clay) or hard
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Figure 4. Trench backfill.
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soil (dense sand). The characteristics of these
soils and the loose sand are tabulated in Table (1),
where y is the density, ¢ is the internal friction
angle and c is the cohesion factor of the soil.

Table 1. Soil properties.

Soil (kl\;Y/m-”) (Degree) (kN?mz)
Soft Clay (Soft) 16.5 -- 40
Dense Sand (Hard) 19.5 40 -
Loose Sand (Backfill) 16.5 35 -

The pipes are made of API-5L steel, which has
a modulus of elasticity of 2.1x105 MPa and a
Poisson's ratio of 0.3. The X42 steel grade is used
for the 12 and 20 inch pipes, while the 30 and
48 inch pipes use X52 and X65 respectively. To
account for variability in strength, expected yield
strength (F,) and expected ultimate strength (F )
are assumed to be 20% greater than the nominal
strength. Table (2) provides details on the dia-
meters, wall thicknesses, and nominal and expected
strengths for each pipe.

According to ATC/DOT/99 (Haggag, 1999),
the nonlinear behavior of steel pipes material can
be described by the stress-strain relationship,
expressed as:

_ m
o, =Kg,

2

where o, is the stress, €, is the plastic strain, K is
the strength coefficient and m is the strain hardening
exponent. Table (3) shows the recommended

values for coefficients K and m for each steel
grade. Figure (5) shows the stress-strain curves of
the X42, X52, and X65 steel based on Equation (2)
and the fitted multi-linear curve considered for
analysis.

3.3. Soil-Pipe Interaction

The soil-pipe interaction was modeled using
Winkler theory, which utilized springs in the axial,
vertical, and lateral directions to represent the
soil's behavior surrounding the pipe. The load-
deformation curve of each spring is represented
in Figure (6), and the parameters for these idealized
curves are dependent on both the soil and pipe
properties, as described in the ALA guidelines
(ASCE, 1984).

In accordance with the ALA guidelines for
the design of buried steel pipes (ASCE, 1984), the
axial soil spring force was calculated based on
the backfill soil (loose sand), and the other soil
spring forces were calculated based on the native
soil properties. The axial soil resistance (T)) per
unit length of the pipeline for the steel pipe laid
in the loose sand can be calculated as:

K
 —

T,=nDoc+nDHy 22 tan &

3)

where D is the pipe diameter, a is the adhesion
factor, ¢ is the soil cohesion, H is the depth of
cover to the pipe centerline, y is the unit weight

Table 2. Pipe dimensions and material properties.

Thickness Nominal Strength (MPa) Expected Strength (MPa)
Case  Diameter (mm) Grade Yield Strength  Ultimate Strength  Yield Strength Ultimate Strength
(Fy) (Fu) (Fy) (Fue)
1 12 in 6 X42 290 441 348 497
4 20 in 7.5 X42 290 414 348 497
7 30 in 9 X52 359 462 431 554
10 48 in 12 X65 448 531 538 637
Table 3. K and m coefficients for steel pipes.
Grade Strength Coefficient (K) (MPa) Strain Hardening Exponent (m)
X42 648.0 0.099
X52 685.0 0.076
X65 770.4 0.059
X75 832.5 0.064
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Equation 2 [Haggag, 1999] - =@ -~ Model |
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Figure 5. Stress-strain curves for APl-grade steel pipes.

of the soil, K, is the coefficient of pressure at
rest and & is the angle of internal friction at the
soil-pipe interface. According to the guideline for
the seismic design of oil and gas pipeline systems
(ASCE, 1984), the recommended values for K
and 6 are 0.37 and 31, respectively. These values
comply with the pull-out tests of an 18-in steel
pipe embedded in loose sand (Wijewickreme, et
al., 2009). The equation for calculating the
maximum lateral soil resistance of a buried pipe-

line is:
P, =NgceD + Ny, vyHD 4)
where N, and N, are the horizontal bearing

factors for clay and sand, respectively. The equation
for calculation of the maximum vertical bearing
soil resistance per unit length of the pipeline is:

D2
Qd:NcCD+NqYHD+Nny (5)

where N, N, and N,, are the vertical bearing
capacity factors. The equation for calculation of
the maximum vertical uplift soil resistance per unit
length of the pipeline is:

Q, =N,ceD+N,,yHD (6)

where N, and N, are the vertical uplift factor
for clay and sand, respectively. The ALA
guidelines (Alliance, 2001) provide closed-form
expressions for evaluating vertical uplift, vertical
bearing, and horizontal bearing factors. Table (4)
lists the computed elastic properties of the Winkler
springs as derived from Equation (3) through
Equation (6). The soil spring forces were calculated
for a 3-m long pipe to match the element size in
the FEA model. The yield displacement for each
spring was calculated according to ALA guide-
lines.

Axial Spring

Lateral Spring

Qd

Bearing o

Vertical Spring

Figure 6. Idealized load-deformation curves for soil springs (ASCE, 1984).
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Table 4. Soil spring properties.

Force Displacement Force Displacement Force Displ. Force Displacement
Spring Sl _ (kN) (mm) (kN) (mm) &N)  (mm)  (kN) (mm)
12 inch 20 inch 30 inch 48 inch
Longitude. Tu=26.4 A=5 Tu=473 A=5 Tu=771 A=5 Tu=141.2 A=5
Lateral Soft Pu=2454 Ap =46 P.=3853 Ap =68 Pu=5452 A,=78 Pu=807.6 Ay =97
Vertical Uplift Qu=324.6 Au=61 Qu=349 Au=102 Qu=3794 Au=152 Qu=4343 Aqu=181
Vertical Bearing Qi=2087 Au=61 Qi=350.5 Aw=102 Qi=531 Au=152 Qu=864.5 Aqa= 244
Longitude. Tu=31.2 A=5 Tu=55.9 A=5 Tu=91.1 A=5 Tu=166.9 A=5
Lateral P, =463.9 Ay =46 Py, =704.2 Ap=68  Py=1043.1 A,=78 Pu=1766.4 Ay =97
Vertical Uplift Qu=973 A =14 Qu=112.1 Au=15  Qu=1329 Aqu=16 Q.=174.1 Au=18
Vertical Bearing Qu=1864.8 A@=30 Qui=3603.8 Aw=51 Qi=06391.6 Aw=76 Qu=13065.8 Au=122

3.4. Verification of FE Model

The FE model was verified by comparing its
results with those of a failure analysis conducted
by (Vasseghi, et al., 2021) on a 16-inch pressurized
natural gas pipeline that experienced the Taleghan
landslide. The comparison is shown in Figure (7),
which illustrates the maximum lateral and vertical
displacements induced by the landslide in both
models.

Vasseghi et al. (2021) reported maximum
displacements of 5.86 m and 3.99 m for lateral
and vertical directions, respectively. In the current
model, the lateral displacement was 5.80 m and
the vertical displacement was 3.93 m, indicating
good agreement between the two models. Moreover,
the vertical and lateral displacement patterns of
the pipeline were nearly identical in both models.
The stress intensity, longitudinal strain, axial force,
and bending moment results from the current
study were also in good agreement with those
reported by Vasseghi et al. (2021).

Vertical Displacement-Current Study
- . = Vertical Displacement-Vasseghi et al. [14]
Lateral Displacement-Current Study
— - — Lateral Displacement-Vasseghi et al. [14]

5.86

580 -

Displacement (m)

Pipeline Route

Figure 7. Pipeline displacements from current study and
(Vasseghi, et al., 2021).

JSEE / Wol. 25, No. 3&4, 2023

4. FEA Results

To evaluate the active lengths of pipelines in
landslides, it is necessary to define a failure criterion
for the pipe. The failure mode of a pipeline
oriented perpendicular to the direction of the
landslide movement is pipe rupture due to excessive
tensile strain (Vasseghi, et al., 2021). The ultimate
strain of API-grade steel pipes is typically more
than 20%. However, according to a comprehen-
sive study on pipeline failures (Kunert, et al.,
2016), rupture failure of pipelines due to ground
movement occurs almost always at the girt welds
or heat affected zone (HAZ) of the welds. There-
fore, the design guidelines define failure criteria
based on the strain capacity of the welds, which
is much lower than the ultimate strain of the pipe
material. The limiting tensile strain in the ALA
guidelines is 2% for the operational limit state and
4% for the pressure integrity limit state (Alliance,
2001). In this study, it is assumed that the pipe
would rupture at an axial tension strain of 5%, and
this strain is used as the failure criterion for the
pipe.

The FE model of each pipeline was subjected
to the ground displacement pattern shown in
Figure (3) up to a displacement that would result
in pipeline failure (i.e., a maximum axial tension
strain of 5%). The analyses were conducted for
pipe internal pressures of zero, 500 psi, and
1000 psi. The maximum landslide displacements
associated with pipe tension strain of 5% are listed
in Table (5). The landslide displacements at the
limit state (5% tension strain) in hard soils are
significantly less than those in soft soil. These
displacements are only marginally affected by the
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Table 5. Landslide displacements associated with pipe tensile strain of 5%.

Pipe Dia. Hard Soil Soft Soil
(im) P=0 P =500 psi P = 1000 psi P=0 P =500 psi P = 1000 psi
12 9.32 9.43 9.50 10.05 10.09 10.25
20 10.11 10.12 10.33 12.57 12.65 12.85
30 11.90 12.00 12.24 14.61 14.78 14.83
48 12.99 13.35 13.39 18.61 18.61 18.72

internal pressure.

The FEA results are evaluated at the limit state
of 5% tension strain. Figure (8) shows the results
of the axial strain along the 30-in pipeline at 500 psi
for both soft and hard soils. As shown, the limit
state in the pipeline (i.e., 5% axial strain) occurred
at the beginning and the end of the landslide
zone, indicating that the pipeline would fail at these
locations.

Figure (9) shows the stress intensities at the
limit state for the 30-in pipeline. As shown, a
relatively large length of the pipeline was yielded.

The pipe stress near the boundaries was caused
by bending deformation and membrane action of
the pipeline. The pipeline outside the landslide
zone was mainly subjected to axial tensile stress
caused by the membrane action.

At zero and 1000 psi internal pressures, the
axial strain and stress intensity of the pipeline
were similar to those at 500 psi pressure. Figures (8)
and (9) indicate that at the limit state, the stress
and strain distribution along the pipeline are essen-
tially positive. This is an indication that the ground
movement is primarily resisted by axial tension

Landslide Zone
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Figure 8. Longitudinal strain distribution over 30-in pipe, at 500 psi
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Figure 9. Stress intensity distribution of a 30-in pipe at 500 psi.
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force (membrane action) of the pipeline.

Figure (10) shows typical distributions of pipe
axial displacement and the pipe-soil frictional
force (axial soil spring force) at the limit state.
This figure indicates that the anchor length of the
pipeline where the friction at the pipe-soil interface
is activated extends well beyond the landslide
zone. Along this length that is much larger than the
landslide width, the axial soil springs reach their
maximum capacity. The fluctuation of the axial soil

Anchor Length

spring forces within the landslide zone is mainly
due to yielding of the pipeline in this area.

4.1. Axial force and Bending Moment of Pipeline

The axial force and bending moment distribution
in the pipeline demonstrate the behavior of the
pipeline during landslide. Figure (11) shows the
distributions of the axial force along the pipelines
at 500 psi internal pressure. This force has been
normalized as:

Landslide
Zone

Anchor Length

Virtual Anchor

Virtual Anchor

Point Point

I

Yielded Pipe Length

I
-1.04241 -0.810767 -0.579119 -0.347471 -0.115824 0.115824 0.347471 0.579119 0.810767 1.04241
(a) Axial Displacement (m)
» i |H‘HHHH|“|
‘ m ‘ ‘ A i Anchor Length

I | =
-141200 -109822 -78444.4  -47066.7 -15688.9 15688.9 47066.7 78444.4 109822 141200

(b) Axial Friction Force (N)

Figure 10. Typical distributions of pipe axial displacement and friction at pipe-sail interface.
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Figure 11. Axial force distribution along pipeline subjected to landslide at 500 psi pressure.
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F
Fnorm = (8)

A X FUB

where F is the pipe axial force at the limit state,
A is the pipe cross-sectional area and F,, is the
expected ultimate stress of the pipe material.

Figure (11) indicates that the axial force dis-
tributions are similar for all analyses, with maximum
axial force occurring near the boundary of the
landslide zone. However, the extent of axial force
distribution along the pipeline increases with
increasing pipe diameter. The axial force distri-
butions also extend farther in the soft soil relative
to the hard soil. This figure also indicates that the
maximum axial forces in all the cases are very
close to the section capacity of the pipe. Figure (12)
shows the effect of internal pressure on the
maximum axial forces in the pipelines. As shown,
the axial force marginally increases with increasing

internal pressure. This increase is due to increased
axial capacity of the pipe when it is subjected to
high internal pressure.

Figure (13) shows the distribution of the
bending moment along the pipeline at 500 psi
internal pressure. For purposes of comparison,
the bending moment has been normalized as:

M
Mnoxm = ZX—Fue (9)

z =%(D§—D?) (10)

where M is the pipe bending moment at the limit
state, Z is the plastic section modulus of the pipe,
D, is the outer diameter of the pipe, and D; is the
inner diameter of the pipe.

Figure (13) indicates that the bending moment

distributions only extend a short distance (less
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Figure 12. Normalized maximum axial force of pipelines with different internal pressures.
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Figure 13. Bending moment distribution along pipeline subjected to landslide at 500 psi pressure.
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than 30 m) beyond the landslide boundaries. This
extension decreases with increasing soil hardness.
The maximum bending generally occurs near the
landslide boundaries and it increases with increas-
ing pipe diameter. This figure also indicates that
the 48 inch pipeline in hard soil experiences the
highest bending moment at 10.6% of the section
capacity. For the 48 inch pipeline in soft soil, the
maximum bending is reduced to 3.8% of the
section capacity. Figure (14) shows the effect of
internal pressure on the maximum bending
moment. Again, the bending moment only marginally
increases with increasing internal pressure.

Figures (11) to (14) indicate landslide induced
ground displacements result in very high axial force
and relatively low bending moment in typical
natural gas transmission pipelines. As a result, the
anchor length is highly affected by the axial
capacity of the pipe.

4.2. Anchor Length of Pipeline

The PRCI guideline (PRCI, 2009) provides the
following equation for estimating the anchor length
of buried steel pipelines.

nDtF y
L,=
T

u

(11)

where D is the pipe diameter, ¢ is the wall thick-
ness, F, the yield stress of the pipe material, and
T, is the maximum friction force at the pipe-soil
interface calculated as per Equation (3). The anchor
length derived from the analyses is the clear

distance between the landslide and the virtual
anchor point, where the axial displacement of the
pipeline diminishes to zero. The axial displacements
of the pipelines with 500 psi internal pressure are
shown in Figure (15). The results of the analyses
indicate that the anchor lengths are much larger
those calculated by Equation (7). Figure (16)
compares the anchor lengths derived from the
analyses with the anchor length calculated by
the PRCI equation. This figure indicates that the
anchor lengths are not significantly affected by
internal pressure, but they are substantially larger
than the PRCI calculated length. In general, the
anchor length calculated by the PRCI equation is,
on average, 35% less than the analytical anchor
length. Due to the high pipe tension, the installation
of valves, bends, and other accessories is usually
avoided along the anchor length in order to reduce
the risk of failure of pipelines crossing a potential
landslide. Thus, the PRCI equation is unconserva-
tive and can lead to pipe failure if such items are
installed along the anchor length.

4.3. Proposed Equation for Anchor Length

The results of the analyses indicate that the
pipeline stress intensity exceeded the ultimate stress
(F,) at the limit state. This indicates that replac-
ing the yield strength (F,) with the ultimate
strength (F,) will improve the PRCI equation.
A coefficient which collectively accounts for the
internal pressure, ratio of expected to nominal
strength, effect of bending moment, and soil type
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Figure 14. Normalized maximum bending moment of pipeline with different internal pressures.
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Figure 15. Axial displacement of pipeline subjected to landslide at 500 psi for different cases.
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Figure 16. Comparison of anchor length calculated by PRCI equation with analysis results.

needs to be included in the equation. Upon review-
ing the analytical data, the following equation is
proposed for estimating the anchor length of
typical natural gas transmission pipelines.

I nDtF,

‘a— proposed

=1.1x

(12)

u

Table (6) compares the anchor lengths cal-
culated by Equation (12) with the analysis results
and lists the corresponding errors which are less
than 10%. The negative sign in the error indicates
that the anchor length estimated from the proposed
equation is greater than the analytical results.
The average error is 4% and thus Equation (12) gives
a good estimate of the anchor length. The com-
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parison of the anchor lengths is shown in Figure (17).

5. Conclusion

In this study, finite element analyses were
performed to evaluate the behavior of typical
natural gas transmission pipelines in landslides and
investigate the effect of various parameters on their
anchor lengths. The main conclusions drawn from
the results of this study are:

- Landslide-induced ground displacements result
in very high axial force and relatively low
bending moment in typical natural gas trans-
mission pipelines.

- The ground displacement is primarily resisted
by the membrane action of the pipeline.
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Table 6. Total error in anchor length calculated using Equation (12) and analytical anchor length.

Dia. Soil Internal Pressure  Analytical Anchor Proposed Anchor  Total Error
(in) (psi) Length (m) Length (m) (%)
12 Hard 0 239 252 -5.44
12 Hard 500 246 252 -2.44
12 Hard 1000 248 252 -1.61
20 Hard 0 273 292 -6.96
20 Hard 500 275 292 -6.18
20 Hard 1000 282 292 -3.55
30 Hard 0 331 360 -7.68
30 Hard 500 333 360 -8.11
30 Hard 1000 342 360 -5.26
48 Hard 0 454 482 -6.17
48 Hard 500 479 482 -0.63
48 Hard 1000 486 482 -0.82
12 Soft 0 269 297 -10.04
12 Soft 500 270 297 -10.00
12 Soft 1000 286 297 -3.85
20 Soft 0 315 346 -9.84
20 Soft 500 324 346 -6.79
20 Soft 1000 325 346 -6.46
30 Soft 0 408 425 -4.17
30 Soft 500 425 425 0.00
30 Soft 1000 426 425 0.23
48 Soft 0 559 570 -1.97
48 Soft 500 578 570 1.38
48 Soft 1000 580 570 1.72

m Analytical Anchor Length - No Pressure
B Anlytical Anchor Length - 1000 psi

® Anlytical Anchor Length - 500 psi
m PRCI Equation
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Figure 17. Anchor length calculated using Equation (11) and analysis results.

The internal pressure of the pipeline has no
significant effect on the anchor lengths of the
pipelines.

The equation in the PRCI guidelines, which is
based on nominal yield strength of the pipe
section, significantly underestimates anchor
length.

JSEE / Wol. 25, No. 3&4, 2023

An equation which is based on ultimate strength
of pipe section is proposed for the anchor
length.

The proposed equation provides a reliable
estimate of anchor length with an average
error of only 4% when compared to analytical
results.
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