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ABSTRACT: The land-sliding forces applied to buried pipelines depend on the ground con-
dition, types of loading and pipelines features. This paper intends to numerically investigate
the effect of ground condition on pipelines. The loading type and pipeline features are kept
constant. The pipeline which is positioned at mid-length of the slope, is made of steel and
intersects the slope at the angle of 90o. The slope material specifications are determined based
on geotechnical reports andthe harmonic loading simulates a 7.5 magnitude earthquake. The
descending trend of slope displacement in sandy clay, loose to medium sand, cemented sand
and medium to hard clayare shown by numerical calculations. But, the deformations of
buried pipes do not follow thistrend. As the cemented sand causes the buried pipe to deform
the highest. The pipes embedded in the sandy clay, loose to medium sand and medium to hard
clay slopes show lower deformations respectively.

KEYWORDS: Dynamic Slope response, Earthquake Induced Landslide, Embedded Pipeline
Deformation, Ground Material

1 INTRODUCTION

The Pipelines are susceptible to damage under permanent ground deformations, PGD. The three
effective parameters which influence pipeline deformations include seismic scale and intensity,
pipeline features and ground conditions. The PGDs are divided into liquefaction, landslide, fault-
ing and wave propagation. This paper focuses on the landslide deformation category. Many
researches investigate the effect of various parameters on embedded pipeline response subjected
to landslides. As an example the effect of burial depth is experimentally and numerically investi-
gated by Jahromi et al. (2018) and Jafarzadeh et al. (2017) respectively. Optimum pipeline place-
ment rout in a typical slope is numerically studied by Jafarzadeh et al. (2012) and Farahi-
Jahromi et al. (2017 a). The effect of buried pipe rerouting and thickness changing on pipe
deformations are numerically investigated by Jafarzadeh et al. (2014). In addition the effect of
Styrofoam placement adjacent to buried pipes is experimentally investigated by Farahi-Jahromi
et al. (2017 b). They also categorize buried pipe deformations base on various routs in a typical
slope. Wenkai et al. (2015) performed large scale tests to examine pipe response during a static
landslide. The results prove symmetrical deformation and saddle-shaped stress distribution in the
pipeline. During the induced landslide, part of the confining soil under the body of the pipe is
displaced and thus the midsection of the pipe will be partially suspended. Cocchetti et al. (2009
a&b) investigated Soil-Pipeline interaction along unstable slopes. Slope deformation algorithm,
slope width, pipe-slope intersection angle and pipe placement geometry are taken into account as
significant factors affecting pipe deformations. Li et al. (2009) studied the stability problems of
gas pipelines traversing Loess slopes. It is suggested that burial depth change and rerouting the
pipe outside of failure line can result in smaller pipe deformations. Challamel and Buhan (2003)
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investigated the effects of various parameters on pipe deformations in static landslide motion. It
is found out that the pipe geometry is a key factor in pipe deformation response. These papers
study pipeline features influence on buried pipe deformations. However, the effect of ground con-
ditions on buried pipes is not studied yet. This paper considers four material types forming a
typical slope. The soil types include loose to medium sand, cemented sands, sandy clay and
medium to hard clay material types. The buried pipe is placed at mid-length of the slope face
which is subjected to dynamic loading. The modeling properties and the numerical results are
described in the following sections.

2 NUMERICAL MODELING SPECIFICATIONS

This section explains the numerical modeling properties which are divided to dynamic loading,
soil properties, pipeline features and ABAQUS model specifications.

2.1 Dynamic loading

The seismic loading is selected from a PSHA report prepared for Tehran Gas Company (2010)
by Sharif University of Technology. This report predicts the occurrence of a 7.5 magnitude
earthquake and proposes a time history record with peak ground accelerations of 0.5g and pre-
dominant frequency of 3.84 Hz (Figure 1a). Since the application of a harmonic acceleration
time history to the model is more practical, the irregular acceleration time history is transformed
to harmonic loading. The maximum amplitude in earthquake time history is multiplied by 65%
as suggested by Kramer which indicates the harmonic amplitude of loading. Therefore, the uni-
form acceleration amplitude is determined 0.33g in all numerical models. In addition, the
equivalent number of cycles simulating a 7.5 magnitude earthquake is obtained 18 cycles based
on the correlation developed by Seed et al. (1975). As an example, the induced slope base accel-
eration time history and its harmonic form are illustrated in Figure 1 (Jahromi et al. 2018).

2.2 Slope dimensions and soil properties

The slope geometry which is selected based on several site surveys is displayed in Figure 2. The
research considers constant situations for seismic scale/intensity and pipeline features, while it
changes ground conditions. The slope materials are divided to four major groups as loose to
medium sand, cemented sand, sandy clay and medium to hard clay. According to Jafarzadeh
et al. (2015) the slope height is layered based on observed shear strains in several laboratory tests.
Figure 2 displays the side view of the model geometry and Table 1 summarizes the slope material
properties. The boundary conditions are selected as close as natural situations. The model length
is set 4 times the slope height as recommended by Fishman et al. (1995), Whitman and Lambe

Figure 1. Time history record in numerical analysis, (a) transient loading, (b) harmonic equivalent

loading
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(1986) and Bhattacharya et al. (2012). The model width is arranged 3 times the slope height as
proposed by Jafarzadeh et al. (2012). It is noted that numerical modelling algorithm has been
formerly verified in Jafarzadeh et al. (2012, 2014 & 2017).
Figure 3 shows the discretized slope and pipe in the form of graphical mesh. Soil and pipe

discretization is performed by 8-node linear brick elements; the soil elements have “reduced inte-
gration point” and “hourglass control” property. The mesh dimension is set to 1m in the X and
Y directions and is arranged 2m in the Z direction. The mesh sizes comply with Lysmer and
Kuhlemeyer studies (1969). In addition, the mesh dimensions are reduced to 16cm in the vicinity
of the buried pipe. The model boundary conditions in dynamic step are summarized in Table 2.
The Y=0 plane which forms the model base is set to free condition in the dynamic step to

allow shear waves to propagate through the model slope. In order to avoid box effect at
boundary planes caused from propagating waves, viscous absorbent boundary elements, pro-
posed by Lysmer & Kuhlemeyer (1969) are modeled by dashpots. To overcome redundant
permanent displacement at low frequencies, normal and tangential springs developed by Kel-
lezi (2000) are applied to unconstrained planes. The soil horizontal pressure is applied to
boundary planes due to Eq. (1). According to this formula, which is applicable for all planes
and is introduced to the program, the horizontal earth pressure is linearly increased from zero
at uppermost point to the highest value at the lowermost point. The descriptions for H, DL,
Hb, DR and D is presented in Figure 1. The “A” shows the maximum horizontal earth pres-
sure in the model, the “X” and “Y” are any point’s coordination with respect to global direc-
tions shown in Figure 3.

Figure 2. Model Slope configurations

Table 1. Geotechnical properties of slope materials in four ABAQUS models

Model
No. Material Type

Layer
No.

Layer depth
(m)

C
(kPa)

ϕ
(deg.)

γ (Kg/
m3)

ξ
(%)

vs
(m/s)

Emax

(MPa) ν

1 Loose to Medium

Sand

1 2 2 36 1600 20 84 30

2 2 3 40 1700 15 113 56 0.3

3 6-24* 4 45 1800 10 130 80

2 Cemented Sand 1 2 75 36 1700 12 98 40

2 2 100 43 1800 8 131 76 0.3

3 6-24 125 50 1900 5 175 144

3 Sandy Clay 1 2 25 25 1700 15 75 25

2 2 35 28 1800 12 103 50 0.3

3 6-24 50 32 1900 8 142 100

4 Medium to Hard

Clay

1 2 40 20 1600 12 98 40

2 2 100 25 1800 7 146 100 0.3

3 6-24 150 28 1900 5 174 150

* The depth of layer#3 varies between 6m at the slope toe to 24m at the crest.
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2.3 Pipeline features

Due to frequent use of steel pipes in practice, the API-5L-GB steel with 200 GPa elastic modu-
lus and 0.3 poison ratio is considered for numerical modeling. The buried pipe has 16” outer
diameter and 0.25” thickness and is buried in mid-length of the slope face (Figure 3). The pipe
traverses the slope at 90o angle resembling pure bending deformation mode. The burial depth
is set to 1.1m from ground level to pipe crest according to National Iranian gas pipeline regu-
lations (2011). Due to large width of the model, the two pipe ends are arranged as completely
free allowing the pipe ends to transmit or rotate in any direction.
The soil-pipe contact is modeled by a two directional form in ABAQUS software. The

normal behavior is modeled as hard contact. This contact type prevents the slave material,
soil, to penetrate into the master material, pipe. It also enables the two materials to separate
when no forces are transformed between them. Pipe-soil tangential contact can be defined in
three ways, frictional, frictionless and full contacts. This study uses penalty frictional contact
(Coulomb frictional formulation) with friction coefficient. This frictional type transfers the
tangential forces from the soil to pipe, until reaching the maximum allowable force. If this
limit is reached, the slip will occur. The coulomb frictional coefficients are considered 0.5,
0.55, 0.65 and 0.70 for loose to medium sand, sandy clay, medium to hard clay and cemented
sand respectively.

Figure 3. Slope and pipe discretization

Table 2. Boundary conditions for slope planes in dynamic step calculations

Plane name Ux Uy Uz

X=0, X=Dl+D+Dr Free* Free* Constrained

Z=0, Z=W

Y=0 (Slope base) Free, Excitations Applied Constrained Constrained

Slope top face Free

* - The boundary plane movements are controlled by horizontal earth pressure and spring dash-
pot systems in X, Y and Z directions.
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3 NUMERICAL ANALYSIS RESULTS AND DISCUSSIONS

3.1 Slope deformations

Four numerical models are analyzed by ABAQUS software. Figure 4 typically displays the
horizontal displacement, U1, the vertical displacement, U2 and the resultant displacement,
UMAG, of the slope in Model#2. According to numerical results the four material types
experience failure as the result of dynamic loading. But the displacements which show the
intensity of failure differ in various material types. Figure 4a shows the maximum horizontal
displacement, U1, at the slope face. The horizontal displacements decrease at the toe and crest
until they reach the minimum at the slope boundaries. Figure 4b shows the maximum vertical
displacement at the slope crest. The vertical displacements decrease from the intersection line
of the slope face and crest toward the toe. But, the numerical calculations show upheaval as
the result of land-sliding at the slope toe.
The maximum and minimum horizontal displacements have been occurred at the mid-

length and at the slope boundaries respectively. The horizontal displacement pattern shows
the minimum value, 3.82*10-1, at the boundary of slope crest at X=80m, then it increases at
lower X values until reaches 1.57m at the intersection line of the crest-slope face. It continues
increasing and reaches its maximum at mid-length of the slope. Then it decreases to 0.92m at
the intersection line of the toe-slope face. The downtrend horizontal displacement continues
until it reaches 0.52m at the toe boundary.
The vertical displacement diagram shows the maximum vertical displacement at the mid-

height of the crest, 1.72m. By moving from the crest toward the toe, the U2 shows a down-
trend and reaches 0.96m at midsection of the slope. The vertical displacement direction
changes and shows upheaval at lower section of the slope face. The maximum rise is calculated
at the mid-length of the toe, 1.07m. This movement pattern is the result of Land-sliding which
causes the settlement of the upper sections of slope face and crest, while upheaval at the lower
sections of slope face and toe. This trend which is caused by sliding material displacement
from the upper parts to lower parts of the slope, is also calculated for other slope models. The
slope displacements along the slope length are displayed in Figure 5 for Models #1,2,3&4.
According to Figure 5a, the sandy clay material shows maximum resultant displacements.

The displacements sequentially decreases in loose to medium sand, cemented sand and
medium to hard clay models. The sandy clay soil shows the minimum displacement at slope
toe. The displacement, then, increases to 1.29m at the intersection line of the toe and slope

Figure 4. Slope displacement and plastic strain magnitude in Model #2
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face. It shows a uniform increase from the lower section of the slope face toward the upper
sections and reaches 3.47m at the intersection line of the slope face and crest. Then it slightly
decreases to lower values at the crest boundary.
The resultant displacement at cemented sand slope uniformly increases from 0.26m at the

toe boundary and reaches 1.43m at the intersection line of the slope face and toe. It then
increases to 2.15m adjacent to the pipe and becomes almost constant until reaches to slope
face-crest intersection line. Then it sharply decreases and reaches 0.56m at the crest boundary.
The sandy slope contains loose sand in the depths of 0-4m and includes medium sand at

deeper depths. The displacement graph of this material shows a uniform continuous trend from
the toe toward the crest. The displacements at slope toe which are between 0.22m to 0.32m, uni-
formly increase to 3.00m at the crest and slightly decrease to 2.73m at the crest boundary.
The clayey slope shows minimum resultant displacement among the four material types.

The maximum displacement, 1.61m, is calculated at slope crest. The displacements at the
slope toe and crest are lower than 0.3m and 1.12m respectively.
Comparison of various displacement graphs of Figure 5a shows that the cemented sandy

slope has lower displacement change along pipe length between the four slope types. For
example the displacement values along slope face are almost similar. This pattern resembles
the rigid block deformation form as suggested by Newmark (1965). This deformation type
implies that changing the construction location of buried pipes at slope face cannot decrease
the imposed displacements to the structures.
The slope displacements graphs in Figure 5a display that the cemented sand displaces the

highest at slope toe. The sandy clay, loose sand and medium clay material types tolerate lower
displacements respectively. At lower section of the slope face, the sandy clay and cemented
sand experience maximum displacement. The loose to medium sand and medium to hard clay
slopes have lower displacements respectively. This sequence changes at upper section of the
slope face. Accordingly, the sandy clay material experiences maximum displacement at upper
section of the slope face. The loose to medium sand, cemented sand and medium to hard clay
have lower displacements respectively. The order of displacements varies at slope crest. The
sandy material has maximum displacement at crest. The sandy clay, medium to hard clay and
cemented sand experience lower displacements respectively. Therefore, the displacement pat-
tern of different slope materials varies at different slope sections. That means, a unique mater-
ial type which tolerate maximum displacement at all slope sections cannot be mentioned.
According to Figure 5a, the areas adjacent to the intersection line of the slope face and crest

show maximum deformations. Therefore the buried pipe construction should avoid the routes
in this region, otherwise the buried pipe will tolerate large plastic deformations.
Figure 5b displays the acceleration response of the slopes at the intersection line of the

slope face and crest. The results show that the loose sand material considerably attenuates the
induced base acceleration which is calculated 0.3m/s at mid-width of the slope. Conversely,

Figure 5. (a) Resultant displacement Distribution along slope length, (b) Acceleration response at the

slope face-crest intersection
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the acceleration time history of other material types shows the amplification phenomenon.
The maximum absolute accelerations for sandy clay, cemented sand and hard clay are 10m/s,
28m/s and 49m/s respectively. In addition, the time histories display the irregular form of the
accelerations which is the result of wave propagation phenomenon through the slope height.

3.2 Buried pipe deformations

The buried pipes deformations are similarly analyzed by ABAQUS software for
Models#1,2,3&4. Figure 6 typically displays the horizontal, U1, and vertical, U2, displacements
of the buried pipe in Model#2, cemented sand. The maximum horizontal and vertical displace-
ments are 2.18m and 0.42m which are calculated at the mid-length and 1/8 length of the pipe
respectively. The maximum horizontal pipe displacements in models#1,2,3,4 are
0.49m,2.18m,2.25, and 0.39 respectively. Similarly, the maximum vertical pipe displacements in
models#1,2,3,4 are 1.58m, 0.42m,1.55m, and 0.93. Comparison of horizontal pipe displacements
show that the sandy clay and cemented sand slopes impose large horizontal deformations on the
pipe. Conversely, the buried pipes in sand and clay soil types do not experience large horizontal
deformations. Considering the vertical pipe displacements, show that the sandy clay and sandy
soil types apply large displacements to buried pipes. On the other hand, the buried pipes in the
clay or cemented sand soil types do not tolerate large vertical displacements. Therefore, it is con-
cluded that the slope which are formed from medium to hard clay and cemented sands apply
the lowest and the largest deformations to buried pipes respectively.
Figure 6 also displays the resultant pipe displacement, U magnitude, and plastic strains,

PEMAG, along pipe length in Model#2. The resultant displacements show the maximum
deformations at the mid-length of the pipe which complies with the horizontal pipe displace-
ment pattern. This proves the considerable effect of horizontal pipe displacements on the
resultant pipe deformations. In order to clearly show the displacement and strain distribution
along pipe length, the length ratio parameter, Lr, is introduced and equals to the ratio of the
corresponding Z value for any point on the pipe to the total pipe length (Figure 3).
The plastic strain distribution pattern along the pipe length shows zero value at the mid-

length and two ends of the pipe in Model#2 (Figure 6). Therefore, the pipe deformations
remain elastic at these sections. By moving from the end toward the mid-length of the pipe, the
plastic strain magnitude rises and reaches its maximum, 1.46×10-2, at Lr=0.14, x=8m. Then it
shows a downtrend and reaches 8.9×10-4 at Lr=0.23, x=14m. It continues decreasing and
reaches zero at Lr=0.35. It, then, remains almost constant at 0.35<Lr<0.50. The plastic distribu-
tion patterns of pipes in all models which are displayed in Figure 7 show similar trend along
pipes length in various slope types, but, the plastic strain values are different. The plastic strains
which are zero at the sections near the pipes ends, sharply increase from Lr=0.04 and reach the
maximum values at 0.10<Lr<0.15. This sharp increase is followed by an abrupt decrease

Figure 6. Buried pipe displacements and plastic strain magnitude in Model #2
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resulting negligible values at 0.30< Lr<0.5 in all pipes. Although the increasing rate is similar
for all soil types, the decreasing rate differs. The sandy clay material shows the lowest plastic
strain reduction rate. In this soil type, the maximum plastic strain which is calculated at the
Lr=0.13 reaches zero at Lr=0.40. The plastic strain reduction rate in medium to hard clay mater-
ial is larger than sandy clay soils. In medium to hard clay slope, the maximum and minimum
plastic stains of the buried pipe are calculated at Lr=0.10 & Lr=0.23 respectively. The plastic
strains in loose to medium sand and cemented sand soil types sharply decrease form the max-
imum value at Lr=0.13 to the minimum value at Lr=0.23. Therefore, the strain reduction rate is
lower in the slopes containing clay material than slopes including sandy soil types.
The distribution of plastic strains in buried pipes are also displayed versus pipe length in

Figure 7. The maximum plastic strain is calculated in the pipe embedded in cemented sandy
slope. This maximum value is 1.46×10-2. The sandy clay soils cause the maximum plastic
strain of 1.00×10-2 which rates the second between the four soil types. The loose to medium
sand imposes lower deformations to the buried pipe than sandy clay material. The maximum
pipe plastic strain in loose to medium sand is 7.46×10-3. Finally the lowest maximum plastic
strain is calculated in the pipe embedded in medium to hard clay material type, 5.80×10-3. In
addition to the soil geotechnical properties which undoubtedly affect the applied loads to the
pipes, the frictional interaction of the slope material and buried pipe is of great importance.
Because the sliding material forces are transferred to the buried pipes through a frictional
behavior. For example the cemented sands are expected to have maximum frictions to the
buried pipes while the loose sand has the minimum. Expectedly, the soils having lower fric-
tional coefficient will more easily slip over the buried pipes than the soil with larger frictional
coefficients. As previously implied, the friction coefficients of the four material types are
between 0.5 for loose sand to 0.7 for cemented sand (Table 1).

4 CONCLUSION

The pipelines are susceptible to damage when subjected to permanent ground displacements like
landslides. Thus, many researches have been performed to discover the parameters which influ-
ence the pipelines deformations. This paper investigates the effect of four slope material types on
the slope displacements and buried pipe strains. These material types include loose to medium
sand, cemented sand, sandy clay and medium to hard clay which are named as Model#1, 2, 3& 4
respectively. Comparison of dynamic responses in various slopes show that the highest displace-
ment is calculated in sandy clay material among the four soil types. The loose to medium sand,

Figure 7. Distribution of Resultant plastic strains along pipes length
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cemented sand and the medium to hard clay material types experience lower displacements
respectively. The strain graphs of the embedded pipes prove that cemented sand applies maximum
forces to the buried pipes. The sandy clay and loose to medium sandy slopes induce lower forces
to the buried pipe than cemented sand respectively. Finally, the pipes embedded in the medium to
hard clay soils experiences the lowest displacements and plastic strains.
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