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ABSTRACT

This article examines the impact of debris flow on semi-exposed pipelines to
determine the plastic deformation and stresses by considering pipe-debris
flow interaction. A 3-D finite element approach was adopted to study the
mechanical behavior of pipelines subjected to debris flow. Integration of
pipeline property (thickness) with debris flow intensity (impact pressure and
angle) was also considered in a finite element numerical model for semi-

Pipeline in east Malaysia exposed. The analysis showed that the impact angle between 35° and 75°
with an impact pressure of 200 kPa and 250 kPa significantly affected the
stability and integrity of the pipeline. There was a slight impact of wall
thickness on the stability of the pipeline due to the passive soil resistance.
Maximum plastic deformation of 124 mm was encountered in the case of 35°
impact angle, which was 3% more than the deformation observed at 20°
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1. Introduction

Service pipelines transporting oil and gas cross variable physiographical terrain, including mountainous ranges,
upland plateaus, highly uneven topography, and several geological conditions. This method of construction/
installation usually decreases the entire cost of the projects, reduces the possibility of urban damages, and
minimizes the bends in the path of pipelines [1]. However, intensive rainfall and the instability of rock and soil
slopes contribute to exposing the buried pipelines to rockfall, sliding, soil slope failure, landslides, and debris flow
hazards within time [2-6]. This will lead to corrosion defects on the exposed pipeline, significantly affecting its
durability [7,8]. Besides, the action of earthquakes and the seismic vibrations severely affect the mechanical
behavior of the pipelines [9,10]. During the installation/construction, pipelines will either be buried in soil within a
certain depth or exposed to the ground, depending on the project's cost, distance and requirements. Pipelines
that are constructed within unstable soil regions and debris flow potential occurrence zones are frequently
subjected to the active loading of soil slide or debris flow hazards [11]. Quantification of active loading and
deformation within the pipelines loaded by unstable/problematic soil is always considered a challenge for
researchers and scholars worldwide [12]. In this context, significant research has been published on measuring
the magnitude of loading impacted on the pipelines by the slide mass and its impact angle [5,13-16]. For instance,
an investigation of the large deformation of pipelines impacted by rockfall in Chongging in 2005 [17] by debris
flow [18] was performed numerically. In addition, Yuan et al. [19] developed an analytical model for quantification
of large deformation impacted by debris flow at different angles by dividing the pipeline into four segments. The
load-deformation (P-y) equations resulted from the combined effects of the impact width, angle, and soil
resistance. Further, Wu and Li [5] also claimed that velocity, impact angle, and corrosion effect significantly
influenced the mechanical behavior of the semi-exposed pipeline, while the exposed length of the pipeline did not
have that much influence.

Nowadays, the traditional design methods of pipelines that include only the stress-based criteria are
considered not enough to adopt the current needs in this industry. Recently, oil and gas pipelines have been
constructed in large diameters for very long distances, operating under high pressures and passing through
difficult environments subjected to sudden and frequent geohazards. Hence, a more reliable, efficient, and
economical pipeline design is required [20]. The design of the pipelines should consider the deflection and
deformation to overcome the pipe buckling and rupture [21]. Bing et al. [22] examined the strain-based design for
oil and gas pipelines subjected to landslide events. ABAQUS was used to analyze strain caused by the action of
landslide. The results showed that the pipelines were primarily subjected to tensile stresses and strain along the
central axis when the action of the landslide was perpendicular to the pipe.

Moreover, Gao et al. [23] conducted a study on the concepts of strain-based pipeline design. It was found that
the strain-based design is composed of the strain limits of compressive and tensile strains. Meanwhile, among the
aspects that influence the strain-based design are the properties of steel pipe, strain aging, girth welding, and its
non-destructive test performance. The strain-based design for oil and gas pipelines comprises of determination of
the longitudinal and compressive strains that can be achieved by considering soil-pipe interaction in finite element
analysis.

Furthermore, previously published literature [24-26] and many oil and gas companies such as Transredes oil
and gas pipeline, Bolivia [22] Pacific northern gas pipeline in British Columbia, Canada [27], and most recently
Sabah and Sarawak gas pipeline, Malaysia [28] conducted an in-depth investigation in the failure of pipelines. The
latter suggested a detailed investigation of pipeline failure due to the impact of debris flow by considering the
relevant parameters of wall thickness and impact angle. Integrating the pipeline parameters with debris flow
impact pressure and angle may provide a broad spectrum of failure patterns of pipelines in the mountainous
region, which have not been extensively discussed in the literature. Furthermore, to the authors' best knowledge,
very limited literature investigated the strain-based design for the oil and gas pipelines. Hence, this study aims to
analyze the debris flow impact by considering variable wall thickness, impact pressure and impact angle on semi-
exposed pipeline using finite element method (ABAQUS). The deformation, stress and strain were analyzed and
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discussed under the effect of variable impact pressures, wall thicknesses impact angles. The outcome of this study
may provide the basis for pipeline strain-based design subjected to the action of debris flow.

2. Materials and Methods
2.1. Materials

The material of the pipeline that was considered for the analysis in this study was made of API 5L X70 steel
type. This type was used in the gas pipelines located in Sabah and Sarawak [29]. The physical and mechanical
properties of the pipeline are shown in Table 1.

Table 1: Physical and mechanical properties of the studied pipeline.

Material D (mm) T (mm) (Kg/m?3) E (GPa) 1] 6, (MPa) o, (MPa)

API 5L X70 920 14,16,20 8050 210 0.3 520 565

The studied pipeline was investigated using different thicknesses, as shown in Table 1, for better analysis
results. The soil placed around the pipeline was identified as silty clayey soil with a density of 1500 kg/m?3. This soil
applied lateral resistance to the pipeline against the deformation due to the impact of the debris flow. The
coefficient of lateral resistance for the soil and pipeline was chosen as 0.4 for the analysis [30]. The impact
pressure of the debris flow was varied and set as 150 kPa, 200 kPa, and 250 kPa as per the relevant literature
[3,6,31,32].

The ideal stress-strain relationship was considered to exhibit the elastic and plastic zones of the tested pipeline.
In this analysis, the elastic zone was expressed using the elastic constitutive model by utilizing the yield stress and
Poisson’s ratio. Besides, von mises stress was also employed as yield stress to meet the failure criteria. Hence,
equivalent von mises stress was set lower than the yield stress for all the pipeline nodes, as shown in Egs. 1 and 2
below.

Ocq < Oy @)

(01—Uz)2+(02—203)2+(01—03)2 )

Von mises stress (0¢q) = \/

Where 04, 0,,and o5 are the principal stresses in major, intermediate and minor plane, respectively.

2.2. Finite Element Modelling

ABAQUS 2017, which can be described as a finite element solver for failure analysis of semi-exposed pipelines,
was utilized in this study. The analysis and modeling of the pipeline were performed by varying the geomechanical
properties, such as the impact of debris flow, the impact angle, and the wall thickness, as shown in Table 2.

Rigorous analysis for 36 cases was performed to investigate the combined effect of the impact pressure,
impact angle, and wall thickness, as revealed in Table 2. These three parameters are considered very influential for
the strength of the pipeline during debris flow [33-35]. A different set of parameters were considered in the
analysis to observe the critical condition of the pipeline when approaching failure in a broad spectrum, which is
discussed in the subsequent sections. Meanwhile, this analysis was conducted to simulate the existing pipelines in
the east of Malaysia that are available in 14 mm, 16 mm, 18 mm, and 20 mm diameters. Different diameters were
adopted for the pipelines to suit the pressure requirement and the environmental conditions at the installation
areas [29]. The mechanical behavior of the pipeline against the impact of debris flow was assessed using 14 mm,
16 mm, and 20 mm thick walls at 20°, 35°, 75°, and 90° impact angles, as illustrated in Figure 1.
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Table 2: Numerical modeling program for the semi-exposed pipeline.

Pressure (kIPn;)paCt ree 20 3 75 %0 e ;rnﬁi:ll;ness
150 150, 20, 14 150, 35, 14 150,75, 14 150, 90, 14
200 200, 20, 14 200, 35, 14 200, 75,14 200, 90, 14 14
250 250, 20, 14 250, 35, 14 250, 75, 14 250, 90, 14
150 150, 20, 16 150, 35, 16 150, 75, 14 150, 90, 16
200 200, 20, 16 200, 35, 16 200, 75, 16 200, 90, 16 16
250 250, 20, 16 250, 35, 16 250, 75,16 250, 90, 16
150 150, 20, 20 150, 35, 20 150, 75, 20 150, 90, 20
200 200, 20, 20 200, 35, 20 200, 75, 20 200, 90, 20 20
250 250, 20, 20 250, 35, 20 250, 75, 20 250, 90, 20
200, 35, 16

Wall thickness (mm)

> Impact angle (°)

» Impact pressure (KN/m?)

Figure 1: Description of parameters used in the analysis.

2.2.1. Assumption

The following assumptions were made in the numerical modeling to simulate the mechanical behavior of the
pipeline subjected to the impact of debris flow:

(1)

(2)
3)

4

Mechanical and deformation behaviors of the pipeline were studied using both the elastic and plastic
ranges.

The impact force was assumed to act on the central axis of the pipeline at a defined angle.

The lateral resistance of soil resulting from the semi-exposed condition of the pipeline was simulated by
the finite slide contact and coefficient of soil resistance.

The pipeline was set to be always semi-exposed during the impact of debris flow.

2.2.2. Geometry, Loading, and Boundary Condition

This study used a circular type of pipeline simulating the one existing in the east of Malaysia that has
homogeneous properties of APl 5L X7 steel with a dimension of 10 m length and 0.92 m diameter. According to
the available literature on debris flow, the slide width depends on the channel or debris fans which may be 5 m to
60 m [36]. Thus, for this study, the width of debris flow was set as 6 m, which acted in the middle part of the
pipeline for all analyses. The weight of the pipeline was also incorporated by defining the gravity loading in a
downward direction. In addition, the soil pressure and traction were identified for the buried part of the pipeline,
as indicated in Figure 2.
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Semi-exposed
pipeline with soil Simplified form of semi-
domain exposed pipeline

—

Figure 2: Semi-exposed pipeline during analysis with load and boundary condition.

2.2.3. Meshing and Convergence Study

The pipeline was discretized into 2408 shell elements of S4R, which was the final step in the modeling process.
The element type used during the analysis was 4-node doubly curved thin or thick shell, reduced integration,
hourglass control, and finite membrane strains [5]. The mesh convergence fixed the element size to make the
solution domain mesh independent. This was achieved by changing the element size for the combined strain, and
von mises stresses at a node on a longitudinal path for impact pressure of 150 kPa. Figure. 3 shows no significant
change in strain and stress after a mesh size of 0.2 m. Hence, 0.1 m refined mesh was used for the area of
attention, and the remaining parts of the pipeline were discretized using 0.2 m mesh. Moreover, the longitudinal
path of 7.60 m was selected for observing the mechanical behavior of the pipeline in the axial direction with a
debris flow impact width of 6 m, as revealed in Figure 4.
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Figure 3: Mesh convergence study for (a) combined strain (b) von mises stresses observed at different mesh sizes on a
selected node.

Figure 4: Mesh density of pipe model.
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3. Results and Discussion
3.1. Model Validation

In this study, the developed numerical model was validated and compared with an analytical model proposed
by Yuan et al. [19]. The authors developed a refined analytical model considering the interaction between the soil
and pipeline. The passive resistance of soil was studied to quantify the drag force and deformation in the pipeline
segment impacted by the debris flow at an inclined plane. The authors proposed a load-deformation equation for
each segment of the pipeline, as presented in Figure. 5.
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Figure 5: Scheme of pipeline subjected to the (a) impact of debris flow using different types of load and (b) the deformed
shape of pipeline segment [19].

Yuan et al. [19] developed differential equations for each pipeline segment, as shown in Figure. 5(b) due to
symmetry in loading and boundary conditions. According to the applied load and boundary conditions, the
solution to equations for each segment was developed and presented as follows:

Segment 1: The first segment that extends from Py to P1 was loaded by the debris flow drag force p and soil
resistance q from the center to xs.This segment is the zone impacted by the debris flow, and it is essential for
pipeline safety and integrity because it encounters both the drag force of sliding and the soil resistance. The
governing equation for this segment can be written as in Eq. (3):

y,(x) = —p_g;wtxz + ¢ + X+ cze™ — e (0 x < xq) - (3)
T

Anda= [— (3.1
nd o o

Where y, (x) is the configuration of Po to P1 and x, is the x-coordinate at P;.

Segment 2: This segment is expanding from P+ to P, and it is only impacted by external forces. Although no
landslide occurred in this region, forces from Segment 1 and the soil resistance produced large deformation, as
described by Eq. (4).
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P—wt
2T

y,(x) = X% + 5 + CgX + ;e — cge™ ™ (x; < X < X,) (4)
Where y,(x) is the configuration of the pipeline between P; to P, w, is the weight of the pipeline and x; is x-
coordinate at Pa.

Segment 3: This portion lies between P, and P3 that was externally subjected to the lateral soil resistance only
and forces transferred from Segments 1 and 2. This caused some deformation that could be calculated using Eq.
(5).

y3(x) = % + eP*{cq cos(Yx) + c10sin(Yx)} + e B*{c;; cos(Yx) + ¢y, sin(Yx)}(x, < X < X3) (5)

Where B = - |2 §+1 (5.1)

y=1 zJE T (5.2)
2 EI EI

In which y;(x) denotes the configuration in Segment 3, and «, 3,and Y are the variables that are dependent on
the axil tension (T), modulus of elasticity (E), and moment of inertia (I) of the pipeline. The unknown coefficients
are the coefficients of c¢1, c2, ¢3, c4, ¢5, 6, c7 ¢8, 9, c10, c11, and ¢12. For simplification, the values of ¢ to cio
were taken as 1 and c11, and cq2 was zero.

Segment 4: This zone was only loaded by the axial soil resistance, and the impact of debris flow was neglected
in this segment. In this zone, deformation was only caused by the resultant weight of the pipeline (wy), and the soil
resistance (q) depended on the soil. Silty clayey soil, whose frictional resistance coefficient is 0.2 to 0.4, was used
in this study. For validation purposes, this segment was neglected.

The relationship between load and deformation of each segment for different types of loading is described in
Egs. 3 to 5. Vertical deformation for 200 kPa impact pressure at 35° impact angle was calculated on a 16 mm thick
pipe numerically and analytically. It was observed that the analytical and numerical results were compared by a
10% difference, as revealed in Figure 6. The maximum deformation observed by Yuan et al. (2012) model was 127
mm, whereas, in the current numerical model, the maximum deformation was 121 mm, which shows a good
agreement with the analytical model.

—&— Numerical model
0.14 4 — @ Analytical model (Yuan et al., 2012)

0.12 A

0.10 4

0.08

0.06

Vertical deformation (m)

0.04

0.02

T
0 2 4 6

50 -

Horizontal distance along path (m)

Figure 6: Resultant deformation in numerical and analytical models.
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3.2. Von Mises Stresses

Von mises stresses correspond to the shear stresses within the pipeline when subjected to loading. These
stresses usually depend on several factors, such as the width of debris flow, intensity of pressure, and type of
passive soil resistance the soil surrounding the pipeline provides. In this study, von mises stresses were examined
for each set of analyses in the longitudinal path of the pipeline using different impact angles. The distribution
curves of von mises stresses were similar for all cases with different initial, peak, and final stress along the path.
However, at approximately 6 m, which is considered the debris flow impact region, the stresses varied non-linearly
(parabolically) for every examined case.
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Figure 7: Distribution of von mises stresses along the longitudinal path for (a) 20° impact angle, (b) 35° impact angle, (c) 75°
impact angle, and (d) 90° impact angle.

Figure 7 shows the distribution of von mises stresses along the longitudinal path at different impact angles.
The Figure shows initial and final parts of the stresses had a significant rise and fall due to the transition between
loading and unloading of the pipeline. Besides, the maximum stresses were detected at the center of the
impacted zone in each case of analysis. For the impact angle of 20°, Figure 7(a) revealed that the maximum
stresses at the peak were recorded as1.39 GPa (1390 MPa) in the sets of 150 kPa,16 mm, and 250 kPa, 20 mm. It
might be due to the increase in wall thickness that uniformly distributed the increased pressure in the pipeline.

On the other hand, the minimum peak stress was 1180 MPa in the sets of 150 kPa, 14 mm, 150 kPa, 16 mm,
and 150 kPa, 20 mm, which was more than the yield stress of the pipeline, i.e., about 510 MPa. In addition, 35°
impact resulted in maximum peak stress of 1450 MPa in the set of 200 kPa, 14 mm, as shown in Figure 7(b). The
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minimum peak stresses were observed to be 1190 MPa in sets of 250 kPa, 20 mm, and 250 kPa,16 mm, slightly
more than the 20° impact set of analysis. Likewise, for the impact angles of 75° and 90°, the maximum peak stress
was 1440 MPa for the set of 250 kPa and 14 mm and for the set of 200 kPa and 16 mm, as shown in Figure 7(c)
and (d), respectively. The results from this numerical analysis demonstrated the stress distribution within the
pipeline that was dependent on the wall thickness, impact angle, and pressure. They severely affected the
mechanical behavior of the pipeline. In all reported analysis cases, the maximum equivalent von mises stresses
were more than the pipeline's yield strength and tensile strength. However, obtained peak stresses were not
comparable explicitly due to the combination of impact pressure, wall thickness, and impact angle. It might be due
to the adjustment of stresses in the pipeline with a variation of pressure and thickness. It can be concluded that if
the pipeline were subjected to a pressure between 150 kPa and 250 kPa at a small exposed length, the shear
failure would happen, and the same failure mechanism was reported in similar studies in the literature [19,37].

Furthermore, analysis of von misses’ stresses revealed that the impact angle between 35° and 75° will be the
most critical for the shear failure of the pipeline in the debris flow region. This range of impact angles for shear
failure was also reported in the literature by Wu and Li [38]. Therefore, precautions should be taken during
designing pipelines, especially those crossing debris flow susceptible areas.

3.3. Resultant Deformation

The resultant deformation (U) was also studied and investigated in each set of analyses to understand how
deformation within pipelines could lead to serious loss in the flow within the network of pipelines. Figure 8 shows
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Figure 8: Contours of the resultant deformation for 150 kPa, 200 kPa, and 250 kPa impact pressures with variable wall
thicknesses at a 20° impact angle.
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the deformation contours of a pipeline subjected to debris flow impacted at pressures of 150 kPa, 200 kPa, and
250 kPa with 14 mm, 16 mm, and 20 mm thicknesses at a 20° impact angle. The convex deformation pattern of
the pipeline was observed in Figure 8 for each set of analyses with maximum bending in the impacted pipeline
zone (i.e., 6 m slide width). The blue color at the end and the red color at the center of the pipeline denoted the
maximum and minimum deformations, respectively. In addition, Figure 8 (a-i) revealed a slight variation in the
maximum deformation with different impact pressures and wall thicknesses at a 20° impact angle. This observed
behavior in the pipeline material was due to simultaneous increases in the thickness of the pipeline and impact
pressures. This resulted in balancing the stresses in the longitudinal direction. The resistance created by the soil
friction around the buried part of the pipeline and the weight of the pipeline also contributed to resisting the
deformation. This behavior was encountered during an investigation conducted by Wu and Li [5] for a semi-
exposed pipeline impacted by a massive stone of debris flow, and it was agreeable with the results found during

this study.

Meanwhile, the maximum deformation for the 20° impact angle was 121 mm in the set of 200 kPa, 16 mm, as
shown in Figure 9 (a). The observed deformation for the pipeline material was plastic which corresponded to the
maximum von mises stresses. This permanently disturbed the uniformity and integrity of the pipeline as per the
deflected shape revealed in Figure 8. Similarly, the maximum and minimum deformations for 35° impact angle
were 124 mm and 119 mm for the cases of 200 kPa, 14 mm, and 150 kPa, 20 mm, respectively, as shown in Figure
9 (b). However, for the case of 250 kPa, 14 mm, and 250 kPa, 16 mm, the maximum deformation was found to be
122 mm, which was very close to the maximum deformation. Moreover, for the impact angles of 75° and 90°, the
maximum deformation was 123 mm for the case of analysis of 200 kPa and 14 mm, as shown in Figures 9 (c) and

(d), respectively.
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Figure 9: Maximum deformation for each set of analyses; (a) 20° impact angle, (b) 35° impact angle, (c) 75° impact angle, and
(d) 90° impact angle.
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Furthermore, Figure 9 (b-d) revealed that the further increased value of impact angle beyond 75° resulted in
decreasing the maximum deformation due to the increased resistance within the soil particles around the pipeline.
This phenomenon was also found by Yuan et al. [19] for a 60 m pipeline impacted using different angles. Overall,
the resultant deformation was influenced by the combination of the impact pressure, wall thickness, impact angle,
soil resistance, and the strength of the pipeline. According to Kunert et al. [3], plastic deformation usually affects
the workability and durability of the pipeline which may lead to its complete damage.

3.4. Combined Strain

The combined strain along the longitudinal axis of the pipeline was examined for each set of analyses at 20°,
35°, 75° and 90° impact angles. The action of peak von caused the combined strain misses and tensile stresses on
the pipe. Figure 10 shows the magnitude of strain initially decreased in the unloaded part of the pipeline. Then,
the strain was gradually increased in the loaded part to reach the maximum at the center of the pipeline. There
was a slight difference detected in the distribution of combined strain for individual cases of 20°, 35°, 75°, and 90°
impact angles due to the simultaneous effect of the impact pressure, wall thickness, and the lateral resistance of
soil around the pipeline. However, initial and peak strains were significantly varied at the different impact angles.
The initial and final strains for the 20° impact angle were 0.005, and the peak strain was recorded as 0.019 in the
cases of 150 kPa, 14 mm, 200 kPa, 16 mm, and 250 kPa,16 mm, as demonstrated in Figure 10 (a).

o
0.006 o 20° Impact angle 35° Impact angle —=— 150 kPa and 14 mm
@ 0,006 —e— 150 kPa and 16 mm
(b) |—A— 150 kPa and 20 mm
—w— 200 kPa and 14 mm
0.005 0.005 4 200 kPa and 16 nim
~4— 200 kPa and 20 mm
-~
2 0.004 o
cj_/ —=— 150 kPa and 14 mm &, 0004+
‘5 —e— 150 kPa and 16 mm = |—%—250 kPa and 20 mm
‘E 0.003 4 [—A— 150 kPa and 20 mm g
= —w%— 200 kPa and 14 mm ; 0.003 +
g 200 kPa and 16 mm| g
& 0002 <—200 kPa and 20 mm S on
8 — —250 kPa and 14 mm & S|
—®— 250 kPa and 16 mm ©
0.001 [—%— 250 kPa and 20 mm 0.001 4
e
0.000 0.000 -
T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 4] 1 2 3 4 5 6 7 8
Horizontal distance along longitudinal path (m) Horizontal distance along longitudinal path (m)
75° Impact angle 90° Impact angle
0.006 0.006
c — d
( ) —=— 150 kPa and 14 mm @
—@— 150 kPa and 16 mm .
0.005 [—#4— 150 kPa and 20 mm| 0.005 4
[—%— 200 kPa and 14 mm
;\? 200 kPa and 16 mm -
= 0.0044 <¢— 200 kPa and 20 mm é 0.004 4 i e
g 250 kPa and 14 mm 5 —m— | 50 kPa and 14 mm
E | @— 250 kPa and 16 mm & —8— 150 kPa and 16 mm
0.003 @ 0.003 4 —4— 150 kPa and 20 mm
o —%— 250 kPa and 20 mm =]
g e 2 —w—200 kPa and 14 mm
) s =0==200 kPa and 16 mm
= 0.002 - g 0.002 - <—200 kPa and 20 mm|
3 o — —250kPa and 14 mm|
—®—250 kPa and 16 mm
0.001 4 0.001 —%— 250 kPa and 20 mm
0.000 - - 0.000 4
T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Horizontal distance along longitudinal path (m) Horizontal distance along longitudinal path (m)

Figure 10: Variation of strain in longitudinal direction using different impact angles; (a) 20° impact angle, (b) 35° impact angle,
(c) 75° impact angle, and (d) 90° impact angle.

Meanwhile, for the combined strain resulting from bending of more than 5%, von mises and tensile stresses in
a long continuous pipeline may affect the durability of the pipeline in the long term [36]. The maximum strain was
observed to be 0.0201 for a 35° impact angle in the case of 250 kPa,16 mm, which was 6% more than that
recorded for the 20° impact angle, as revealed in Fig. 10(b). In addition, Similar results were obtained for the cases
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of 75° and 90° impact angles. The maximum stain was found to be 0.020 and 0.019 for 75° and 90° impact angles,
respectively, in the case of 250 kPa, 16 mm. This combined strain was developed within the pipeline due to the
combined effect of bending and tensile stresses, and it was detected in the longitudinal path of the pipeline. Thus,
based on the results obtained from this study, it can be concluded that the integrity of the long continuous
pipeline is greatly influenced by the impact angle greater than 35° for the impact pressures of 150 kPa, 200 kPa,
and 250 kPa. However, further research on the corrosion effect on pipelines along with debris flow impact will
provide a better understanding of pipeline behavior in an extreme environment. In addition, pressure and non-
pressure pipelines interact differently with debris flow impact, which was not considered in this study.

4. Conclusions

Exposed pipelines located in mountainous areas are severely threatened by the geohazards such as landslides,
debris flows, and rockfalls. Hence, in this study, debris flow hazard impacted the finite element analysis for semi-
exposed pipeline with a length of 10 m and a diameter of 0.92 m. The combined effect of debris flow width,
impact pressure, and impact angle with variable wall thicknesses was observed on the stability and integrity of the
pipeline. The surrounding soil block was modeled as passive soil resistance with a passive coefficient of 0.40,
whereas the pipeline was considered as an elastoplastic model with an S4R shell type element. The element size
in impacting zone was adopted as 0.1 m, whereas it was 0.20 m in the adjacent region after the mesh convergence
study. Further developed model was validated with an analytical model, and the results were comparable within
10% error. Results were analyzed for shear failure criteria adopted for this study, and the following conclusions
can be drawn:

e Debris flow impact between 35° and 75° was critical for the pipeline failure because maximum von misses’
stresses observed at 35° and 75° were 1450 Mpa and 1440 Mpa, respectively.

e The magnitude of maximum resultant deformation was observed as 121, 124, 123, and 121 mm for 20°,
35°, 75°, and 90° impact angles at 200 and 250 kPa impact pressure, respectively. Besides, a deformed
convex shape of the pipeline was observed in each set of analyses, which significantly reduced the
efficiency of long pipes in the mountainous region

e Combined strains were recorded as 0.019 in the case of 200, 20, and 14, which was more than the
permissible strain (i.e., 0.002) in the oil and gas pipeline.

e The results showed that the pipeline failed in shear criteria at 150 kPa, 200 kPa, and 250 kPa impact
pressures as the maximum equivalent von mises stresses were much more than the yield strength (520
Mpa) of the pipeline.

Overall, pipeline crossing in variable geographic terrain should be designed by considering the impact pressure
at a different angle to safeguard against integrity loss to oil and gas pipelines.
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