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Abstract

The possibility of servicing lifelines such as highways, railways, pipelines, and tunnels is of great social importance. The
characteristic that separates the buried pipeline from other structures is that its dimensions are very long compared to its
other dimensions. Ground vibrations caused by earthquakes, construction activities, traffic, explosions, and machinery
can damage these structures. Lifeline integrity can be compromised in two ways: (1) direct damage due to excessive
dynamic loading of the lifeline, and (2) indirect damage due to soil failures such as liquefaction, slope instability, and
differential settlements. 3D printing (also known as additive manufacturing) is an advanced manufacturing process that
can automatically produce complex geometric shapes from a 3D computer-aided design model without tools, molds, or
fixtures. This automated manufacturing process has been applied in diverse industries today because it can revolutionize
the construction industry with expected benefits. This research study on the performance of buried pipelines under static
loads to the structure's safety against the possible development of progressive failure. This research study includes a
numerical study, where it was studied many parameters to value the performance of the pipeline. The parameters are (a)
the material of the pipeline (steel, traditional concrete, and 3D concrete printed), (b) the thickness of the pipeline (20, 30,
and 40 mm), and (c) soil type (moist sandy soil, saturated sandy soil, moist cohesive soil, and saturated cohesive soil).
Different results were obtained depending on the type of soil where all pipelines materials' behavior was similar in the
case of moist soil.
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1. Introduction

It is known that the structures located on the surface of the ground are subject to more significant seismic damage
than the structures located underground. Where the earthquakes destroyed a lot of buried pipelines [1]; thus, the
damage or disruption of the buried gas and water pipelines due to the earthquake leads to economic losses and
disruption of lifeline networks.

In recent years, the development of high-strength and ductile composite materials in earthquake-prone areas has
become an important topic for researchers. These materials have many advantages (e.g., experienced high strength and
displacement capacity under compression and tension loadings). One of the most common composite materials is
Textile-Reinforced Concrete (TRC), which includes a fine-grained concrete matrix and high-strength textile fabric
reinforcement made of alkali-resistant glass fibers or polyvinyl alcohol (PVA) fibers. TRC can be used as structural
strengthening material such as Fiber Reinforced Polymer (FRP); also, it can be used as a structural element [2].
Viparelli et al. studied pre-stressed concrete large-diameter pipes joint behavior during earthquakes [3]. Susan et al.
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studied the reinforced concrete pipeline crack retrofitted with the Fibre Reinforced Polymer (FRP) [4]. Roudsari et al.
were evaluated the failure criterion of Glass Reinforced Polymer (GRP) pipes [5]. Ozdemir et al. have reported the
risk of damage to a high-pressure steel natural gas pipeline and a concrete sewer pipe due to the operation of a
pavement breaker utilizing the 2.5D coupled Finite Element-Boundary Element (FE-BE) methodology [6, 7].
Trautmann et al. were mentioned the soil-pipelines interaction related to the weight of the soil above the pipelines [8,
9], Sakanoue and Yoshizaki were reported that lightweight backfill is effective for the enhancement of earthquake
resistance of buried pipelines [10].

Additive manufacturing (also known as three-dimensional (3D) printing) is an advanced manufacturing process
that can automatically produce complex geometric shapes from a 3D computer-aided design model without any tools,
molds, or fixtures. This automated manufacturing process has been applied in many areas of diverse industries today
as it has the potential to revolutionize the construction industry [11-14]; this technology has many advantages (e.g.,
improving structural capacity, decreasing the cost of the project by decreasing material consumption and waste, fast in
design and production, strong and lightweight parts, environmentally friendly, and improved accuracy and site safety
[15-21]. On the other hand, this technology has many disadvantages and challenges. (e.g., its need engineers with
digital experience and a new method of considering for the design and verification of structures) [22—24].

Concrete is considered a quasi-brittle material that is weak in tension but strong in compression [25]. Generally,
concrete with reinforcement steel bars has more tensile, shear, and flexural capacity than traditional concrete.
Therefore, 3D Concrete Printing (3DCP) structural elements have to be reinforced to increase their performance. Thus,
3DCP required new techniques to improve the ductility so that it can be used in areas subject to strong lateral loads
such as earthquakes [26—-28]. Installing reinforcement in 3DCP is complicated because the printing process requires
enough space above the layer being extruded to allow for the movement of the nozzle [29]. This issue can be
overcome by either installing reinforcement after or before the printing or using the reinforcing cable, mesh, and fiber
during concrete extrusion or printing the reinforcement simultaneously [29-34]. Also, it can reduce the required
reinforcement by using post-tensioning techniques, which reduces the required tensile strength of the 3DCP structure
[29].

Numerical analysis has many advantages over experimental testing (e.g., it is a less expensive way to get the
results than testing many specimens). In addition, using numerical simulation can study a lot of parameters that affect
the behavior of the structure. 3D Reinforced Concrete Printed modeling is important to consider its effect on the
general behavior of the structure, thus designing the structural elements correctly. On the other hand, incorrect
modeling has negative effects because it gives a misconception about the behavior of the structure.

The pipe-soil interaction along with the pipe parts is the most parameter that affects the buried pipeline's static and
dynamic structural performance. To control the performance of the buried pipelines, there are a lot of critical factors,
such as soil cohesion, density, and friction angle (soil shear strength properties). Generally, these parameters are
commonly considered independently, but in the case of natural soil, these parameters significantly influence the
performance of the buried pipe.

This research study on the performance of buried pipelines under static load to the structure's safety against the
possible development of progressive failure. This research study includes a numerical study, where it was studied
many parameters to value the performance of the pipeline. The parameters are the material of the pipeline, the
thickness of the pipeline, and soil type. Different results were obtained depending on the type of soil. The paper
continues with Finite Element Analysis (FEM), including Constitutive Material Models and Interaction models. Next,
the Parameters study. Then, Results and discussion. Finally, conclusions have been drawn suggesting the possible
application directions for the performance study of buried pipelines under static loads.

2. Finite Element Analysis (FEM)

In this study, the pipeline was considered used for the water supply lifeline. The DN 1500 pipeline outer diameter
was 1524 mm with different thicknesses (t), the length of the pipeline (L) was 100 m [35, 36]. Figure 1 shows the
dimension of the DN 1500 pipeline

<>

D=1.524m
£=0.2,0.3,0.4m

L=100m

Figure 1. Dimensions of the pipeline model
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The soil was considered as a cube shape with a buried pipeline on one centerline. The length of the soil (L) was
100 m. The width (W) and height (H) of soil were 10, 5 m, respectively. To ensure the affordable space in which the
pipeline with soil is failed when finite element analysis is used. The buried depth of pipeline from the pipe's crown (h)
was 6 m from the top surface of the soil to the crest of the pipeline, as shown in Figure 2.

Figure 2. Dimensions of the soil model [36]

In this study, ABAQUS 2020 software was used to simulate the general behavior of buried pipelines due to s Finite
element analysis of buried pipeline static loads. To analyze a buried pipeline, it is necessary to accept three basic
assumptions as follows.

e The welding between parts of pipelines is ignored.
o Elastomeric soils featuring Mohr-Coulomb theory and pipeline are isotropic, elastic, and ideally plastic.
e The perfect interaction between the pipeline and the soil without defects.

There are some limitations; it is difficult to know the real performance of pipelines by not considering weld points
between pipeline parts, applying the fully bonded contact area between pipeline and soil, and adapting the simplified
material properties of both soil and pipelines. This is because the above three assumptions are not related to the real
performance of the pipeline. However, these assumptions make the analysis easier because typical pipeline
performance can be studied by ignoring small, irreversible effects on pipeline performance.

2.1. Constitutive Material Models

A three-dimensional 8-node linear brick, reduced integration, hourglass control (C3D8R) were used to model
concrete pipeline, 3D printed concrete pipeline, and soil. In the global directions, that element has three freedom
translational degrees for every node. This element can lead to modeling any complex geometry and performing
nonlinear analyses, including contact, plasticity, and huge deformations. A 4-node doubly curved thin or thick shell,
reduced integration, hourglass control, finite membrane strains (S4R) was used to model steel pipeline. Reduced
integration was used in the analysis; to decrease the computation time in the special cases of large-scale problems. A
disadvantage of using the reduced integration is that it will affect the element stiffness matrix.

o Steel Pipeline

The behavior of steel material used for the pipeline was perfect by an elastic-plastic material response. According
to Figure 3. The total deformation (¢) elastic deformation (&), and plastic deformation (¢”) Equation 1 expresses the
behavior of steel material.

Oy

Stress

Strain

Figure 3. Steel material elastic-plastic material model
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The elastic part is considered to be linear. It can be defined by using Young's Modulus and Poisson's Ratio. While
plastic parts can be expressed by using Ultimate Strength. Material properties for continuum Steel pipeline for elastic
and plastic behavior can be seen in Table 1.

Table 1. Mechanical properties of steel [35]

Mechanical properties Term Value
Density (kg/m®) 7850
Elastic property Young s modulus (MPa) 210.7 *10°
Poisson "'s ratio 0.3
] Yield strength (MPa) 490
Plastic property )
Tensile strength (MPa) 690 to 840

¢ Soil Material

Two types of soil (sandy soil and cohesive soil) were considered to study the interaction between the soil and the
buried pipeline. Elastic-plastic analysis was used by Mohr-Coulomb theory as soil mechanical properties. In addition,
two types of soil (moist soils and saturated soils) were considered to study the effect of water on soil. Table 2 shows
the plastic properties of soils.

Table 2. Mechanical properties of soil [35]

. Mechanical Value
Type of soil - Term -
properties Moist Saturated
Density (kg/m®) 1850 2160
Elastic propertry Young's modulus (MPa) 24 96
_ Poisson’s ratio 0.2 0.25
Sandy soil -
Cohesive strength (C - kPa) 17
Plastic property Friction angle (¢ - deg) 40
Dilation angle (y - deg) 2
Moist Saturated
Density (kg/m®) 1700 2000
Elastic propertry Young's modulus (MPa) 19 48
. . Poisson’s ratio 0.25 0.45
Cohesive soil -
Cohesive strength (C - kPa) 252
Plastic property Friction angle (¢ - deg) 29
Dilation angle (y - deg) 2

e Concrete Pipeline

The behavior of concrete is characterized as a nonlinear response, which an elastic part can define up to micro-
cracking is initiated in the concrete, then the material has nonlinear plastic behavior. CDP model assumes failure to be

due to compressive crushing and tensile cracking of the concrete. The two hardening variables sfl and sfl control the
yield surface under compression and tension loading, respectively. The plastic behavior in the compression stage is
defined by stress hardening with strain-softening after reaching the ultimate stress o.,,. Equation 2 and 3 [37] shows
the characterized of the compressive and tensile stresses:

O¢

ACHTAND @
ol

o, = 0, (et ,sﬂ'\fl,G,fi) 3

ere, €, ande, are the equivalent plastic strains in tension and compression, respectively; @ is the temperature,
Where, £"'ande” are th lent plastic st t d tively; 0 is the t t

eZ’land e’fl are the equivalent plastic strain rates, and f; is any other predefined variables.
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Figure 4. Concrete behavior in (a, c) compression and (b, d) tension

In the ABAQUS software, the CDP model has been used to modify the Drucker-Prager strength hypothesis. In
recent years, that model has been modified [38,39]. According to that modification, the failure surface in the deviatoric
cross-section needs not to be as circle shape, and parameter Kc determines that. Where parameter Kc is defined as a
ratio between the distance of the hydrostatic axis and respectively the tension meridian and the compression meridian
in the deviatoric cross-section, that ratio is always bigger than 0.5, and when the value of the ratio equal 1, the
deviatoric cross-section of the failure surface becomes as circle shape (as Drucker-Prager strength hypothesis).
According to his experimental study, Majewski [40] mentioned that this value for normal stress between [0 to 0.6]
slowly increases with decreasing principal stress. The CDP model recommends Kc=2/3 [41]. The shape is similar to
the strength index (with three mutually tangent ellipses together) [42]. It is a theoretical-experimental index based on
tri-axial stress test results, as shown in Figure 5.

Figure 5. Deviatoric cross-section of failure surface in the CDP model [43]
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As well as, the plane's meridians shape in the stress space changes. Experimental studies show that the meridians
have curved shapes. In the CDP model, the plastic is characterized by eccentricity (plastic potential eccentricity). A
small positive value expresses the rate of approach of the plastic potential hyperbola to its asymptote. Also, it means
the length (measured along the hydrostatic axis) of the part located between the intersection of the asymptotes and the
vertex of the hyperbola of this hyperbola (the center of the hyperbola). Parameter eccentricity can be characterized as a
ratio between tensile strength and compressive strength [44]. The CDP model recommends ¢=0.1 [41]; When & = 0,
the surface in the meridional plane becomes a straight line (as in the case Drucker-Prager hypothesis) [43], as shown
in Figure 6.

-d7tanB P, p

Figure 6. Hyperbolic surface of plastic potential in the meridional plane [43]

Another parameter describing the CDP is the point in which the concrete is under failure under biaxial compression.
Figure 7 shows the Concrete Strength under biaxial stress. awo/oco (foo/fco) i @ strength ratio in the biaxial case to the
strength in the uniaxial case. The ABAQUS user's manual recommends owo/oco=1.16 [41].

: uniaxial tension - o,
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Figure 7. Strength of concrete under biaxial stress in the CDP model [43]

The additional parameter describing the CDP is dilation angle, i.e., the angle of the failure surface inclined toward
the hydrostatic axis, measured in the meridional plane. Generally, dilation angle y is considered as a concrete internal
friction angle. The CDP model recommends w= (36°- 40°) [43]. The last parameter is the Viscosity parameter, u, used
for the visco-plastic regularisation of the concrete constitutive equations in Abaqus/Standard analyses. This parameter
is ignored in Abaqus/Explicit. The default value is 0.0 [41]. Table 3 shows the parameters that characterize the
Concrete Damaged Plasticity.

Table 3. Parameters that characterize the Concrete Damaged Plasticity

Parameter name  Dilatation angle  Eccentricity  fio/fco K Viscosity parameter

Value 36 0.1 116  0.667 0
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e 3D-printed Concrete Pipeline

According to previous studies, the currently unacceptable constitutive model of 3DPC can be found. Anyway, it is
thought that there is no 3DPC anisotropic behavior before filament deposition and adhesion. The 3DPC structures
asymmetry is due to the adhesive interface between threads interconnected in vertical and horizontal directions. The
material parameters used in this study were entirely related to the 3D-printed concrete obtained by relevant tests,
including compressive strength, etc., which could reflect the nonlinear constitutive properties of the concrete
materials. In particular, in the study by Xiao et al. [45], similar methods and the damaged concrete plasticity (CDP)
model were adopted to simulate the mechanical properties of 3D printed concrete. Currently, intangible concrete
mortars, strictly speaking, are mainly used in 3D printing. There is no recognized model of the foundational
relationship of concrete mortar at the moment. However, since both mortar and concrete are semi-brittle materials
[46]. It is thought that the plastic damage model of concrete can also be used to simulate the mortar mechanical
properties. Therefore, the use of the foundational model of concrete to simulate the properties of the mortar will not
affect the results of this study.

2.2. Interaction Model

To describe and position the contacts between the above models, the interaction between the pipeline surrounding
surface and the soil interior surface is considered as a fully bounding surface, that for three assumptions (in section 2)
where the soil and pipeline are perfectly interconnected, and the interaction between the soil and pipeline is
interconnected. Soil and pipes are perfect without flaws. In order to define the contacts between the layers of the 3D
printed concrete is established as an entirely tied surface [47].

3. Parameter Study

In this study, it was studied many parameters study, as follow:

¢ The thickness of the pipeline: 20, 30, and 40 mm;

¢ Soil type: sandy and cohesive soil;

o Material of the pipeline: steel, concrete, and 3D printed concrete pipeline.

Table 4 shows all the parameters studied:

Table 4. Parameters studied

Materials
t (mm) Soil
Steel Concrete 3DCP
Moist M-S-1 M-C-1 M-3D-1
Sandy Soil
Saturated ~ M-S-2 M-C-2 M-3D-2
20
Moist M-S-3 M-C-3 M-3D-3
Cohesive Soil
Saturated  M-S-4 M-C-4 M-3D-4
Moist M-S-5 M-C-5 M-3D-5
Sandy Soil
20 Saturated ~ M-S-6 M-C-6 M-3D-6
Moist M-S-7 M-C-7 M-3D-7
Cohesive Soil
Saturated  M-S-8 M-C-8 M-3D-8
Moist M-S-9 M-C-9 M-3D-9
Sandy Soil
Saturated M-S-10 M-C-10 M-3D-10
40
Moist M-S-11  M-C-11  M-3D-11
Cohesive Soil

Saturated  M-S-12 M-C-12 M-3D-12

4. Results and Discussion
4.1. Results of the Simulation

In this study, it was compared between the models by displacement (U, Magnitude; mm) and stress (S, Von Mises;
MPa). According to the three basic assumptions mentioned in section 2, many results were obtained. Where these
assumptions were affected on the general behavior of the structural. Table 5 shows all the simulation results.
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Table 5. All the simulation results
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Table 6 shows a summary of all results:

Table 6. Summary of all results

Soil Pipeline
Model
Stress (MPa)  Displacement (mm)  Stress (MPa)  Displacement (mm)

M-S-1 1.039 717.9 119.3 448.9
M-S-2 0.9676 167.8 68.12 107.2
M-S-3 0.9451 8207 125.7 516.2
M-S-4 0.2637 105.7 44.61 67.88
M-S-5 1.045 715.2 126.3 445.1
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M-S-6 0.9651 167.5 55.32 106.6
M-S-7 0.9303 818 130.2 510.9
M-S-8 0.2638 105.3 38.4 66.95
M-S-9 1.054 7115 129.7 440.1
M-S-10 0.9563 167.1 56.9 106.2
M-S-11 0.9344 815.7 132 504.4
M-S-12 0.2595 104.9 33.97 c
M-C-1 0.7459 257.3 16.36 108.4
M-C-2 1.493 229.1 11.52 164.2
M-C-3 0.7406 422 16.43 176.2
M-C-4 0.5886 142.8 15.42 107.2
M-C-5 0.7506 265.5 16.58 119.7
M-C-6 1.457 2233 12.2 160
M-C-7 0.7672 426.3 16.49 187.6
M-C-8 0.374 120.2 11.22 84.67
M-C-9 0.7506 273.6 16.57 123.2
M-C-10 1.426 217.3 14.49 153.7
M-C-11 0.7973 428.7 16.49 189.2
M-C-12 0.3166 106.3 12.32 72.27
M-3D-1 1.394 712.9 62.31 470.1
M-3D-2 1.153 149.9 4521 98.54
M-3D-3 1.287 815 64.47 528.5
M-3D-4 0.3712 103.8 53.54 67.46
M-3D-5 1.394 712.9 62.31 470.1
M-3D-6 1.157 167.1 44.83 110.8
M-3D-7 1.287 404.5 61.06 528.5
M-3D-8 0.3712 103.8 53.54 67.46
M-3D-9 1.394 712.9 62.31 470.1
M-3D-10 1.157 167.1 44.83 110.8
M-3D-11 1.287 815 64.47 528.5
M-3D-12 0.3712 103.8 53.54 67.46

5. Discussion of the Simulation
5.1. Soil Stress Results

Figure 8 shows the soil stress results with different thicknesses of the pipeline. The behavior of all types of soil for
all pipelines materials was similar behavior in the case of moist soil. As shown from Figure 8 (a), (c), in the case of
moist soil, all pipeline materials have similar behaviour with different thicknesses of the pipeline, 3DCP pipeline has
higher stress while traditional concrete pipeline has lower stress. On the other hand, in the case of saturated soils, the
stress of the traditional concrete pipeline is reduced when the thickness of the pipeline is increased. While 3DCP and
Steel pipelines have similar behaviour, as shown in Figure 8 (b), (d). Also, when t = 30 mm. Both traditional concrete
and 3DCP have the similar pressure. It also was noted that traditional concrete pipes behavior are highly affected due
to the presence of cohesive soil saturated
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Figure 8. Soil Stress: (a) Sandy soil Moist, (b) Sandy soil Saturated, (c) Cohesive soil Moist, and (d) Cohesive soil Saturated

5.2. Soil Displacement Results

Figure 9 shows the results of soil displacement with different thicknesses of the pipeline. In the case of moist sandy
soil Figure 9 (a), all pipeline materials have similar behaviour with different thicknesses of the pipeline. Whereas steel
and 3DCP pipelines have the same behaviour, while traditional concrete pipelines have a lower displacement. In the
case of saturated sandy soil Figure 9 (b), the displacement of the 3DCP pipeline increases as the thickness of the
pipeline increases. While the displacement of the traditional pipeline is reduced when the thickness of the pipeline is

increased.
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Figure 9. Soil Displacement: (a) Sandy soil Moist, (b) Sandy soil Saturated, (c) Cohesive soil Moist, and (d) Cohesive soil Saturated
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In the case of moist cohesive soil Figure 9 (c), the displacement of the steel pipeline is significantly reduced when
the thickness of the pipeline is increased, while both traditional concrete pipes and 3DCP pipelines have the same
displacement. When t = 30 mm, all pipeline materials have the same displacement. In the case of saturated cohesive
soil Figure 9 (d), the displacement of the traditional concrete pipeline is significantly reduced when the thickness of
the pipeline is increased, while the steel and 3DCP pipes have the similar displacement. It also was noted that steel and
traditional concrete pipes behavior are highly affected due to the presence of cohesive soil moist and cohesive soil
saturated, respectively.

5.3. Pipeline Stress Results

Figure 10 shows the results of pipeline stress with different thicknesses of the pipeline. The behavior of all
pipelines materials was similar behavior in the case of moist soil. In the case of moist soil Figure 10 (a), (c), all
pipeline materials have the same behaviour with different thicknesses of the pipeline. Where the steel pipeline has
higher stress while the traditional concrete pipeline has lower pressure. Similar behaviour was seen in the case of
saturated sandy soil Figure 10 (b). While in the case of saturated cohesive soil Figure 10 (d), the 3DCP pipeline has
higher stress, on the other hand, the traditional concrete pipeline has lower pressure.
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Figure 10 Pipeline Stress: (a) Sandy soil Moist, (b) Sandy soil Saturated, (c) Cohesive soil Moist, and (d) Cohesive soil
Saturated

5.4. Pipeline Displacement Results

Figure 11 shows the results of pipeline displacement with different thicknesses of the pipeline. The behavior of all
pipelines materials was similar behavior in the case of moist soil .In the case of moist soil Figure 11 (a), (c), all
pipeline materials have the same behaviour with different thicknesses of the pipeline. Where both the steel and 3DCP
pipelines have higher displacement, while the traditional concrete pipeline has lower displacement. In the case of
saturated sandy soil Figure 11 (b), the traditional concrete pipeline has higher displacement. While both steel and
3DCP pipelines have lower displacement. In the case of saturated cohesive soil Figure 11 (d), the displacement of the
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traditional concrete pipeline is significantly reduced when the thickness of the pipeline is increased. On the other hand,
both steel and 3DCP pipelines have the same displacements. It also was noted that traditional concrete pipes behavior

are

Displacement (mm)

Displacement (mm)

highly affected due to the presence of cohesive soil saturated.
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Figure 11. Pipeline Displacement: (a) Sandy soil Moist, (b) Sandy soil Saturated, (c) Cohesive soil Moist, and (d) Cohesive

6.

soil Saturated

Conclusions

Several parameters were studied in this research as ABAQUS 2020 was used to study the performance of pipelines

under static loads. The Von-Mises stress and displacement were used to compare the results. According to the three
basic assumptions mentioned in section 2, many results were obtained. Where these assumptions were affected on the
general behavior of the structural

¢ In the case of moist soil, all pipeline materials have similar behavior with different thicknesses. 3DCP pipeline

has higher stress while traditional concrete pipeline has lower stress. On the other hand, in the case of saturated
soils, the stress of the traditional concrete pipeline is reduced when the thickness of the pipeline is increased.
While 3DCP and steel pipelines have similar behavior. Also, when t = 30 mm. Both traditional concrete and
3DCP have similar stress.

In the case of moist sandy soil, all pipeline materials have similar behavior with different thicknesses of the
pipeline. At the same time, steel and 3DCP pipelines have the same behavior, while traditional concrete pipelines
have a lower displacement. In the case of saturated sandy soil, the displacement of the 3DCP pipeline increases as
the thickness of the pipeline increases. At the same time, the displacement of the traditional pipeline is reduced
when the thickness of the pipeline is increased. In the case of moist cohesive soil, the displacement of the steel
pipeline is significantly reduced when the thickness of the pipeline is increased. At the same time, both traditional
concrete pipes and 3DCP pipelines have the same displacement. When t = 30 mm, all pipeline materials have the
same displacement. In the case of saturated cohesive soil, the displacement of the traditional concrete pipeline is
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significantly reduced when the thickness of the pipeline is increased. At the same time, the steel and 3DCP pipes
have a similar displacement.

e In the case of moist soil, all pipeline materials have the same behavior with different thicknesses of the pipeline.
Where the steel pipeline has higher stress while the traditional concrete pipeline has lower pressure. Similar
behavior was seen in the case of saturated sandy soil. While in the case of saturated cohesive soil, the 3DCP
pipeline has higher stress, on the other hand, the traditional concrete pipeline has lower pressure.

e In the case of moist soil, all pipeline materials have the same behavior with different thicknesses of the pipeline.
Both the steel and 3DCP pipelines have higher displacement, while the traditional concrete pipeline has lower
displacement. In the case of saturated sandy soil, the traditional concrete pipeline has higher displacement. In
contrast, both steel and 3DCP pipelines have lower displacement. In the case of saturated cohesive soil, the
displacement of the traditional concrete pipeline is significantly reduced when the thickness of the pipeline is
increased. On the other hand, both steel and 3DCP pipelines have the same displacements.

o Different results were obtained depending on the type of soil. The lowest stress of soil was reported in the case of
saturated cohesive soil (steel pipeline). In contrast, the lowest stress of pipeline was reported in the case of
saturated sandy soil (traditional concrete pipeline). On the other hand, the highest stress of soil was reported in the
case of saturated sandy soil (traditional concrete pipeline). In contrast, the highest stress of pipeline was reported
in the case of moist sandy soil and moist cohesive soil (steel pipeline).

e The lowest displacement of soil was reported in the case of saturated cohesive soil (3DCP pipeline). In contrast,
the lowest displacement of the pipeline was reported in the case of saturated cohesive soil (steel and 3DCP
pipeline). on the other hand, the highest displacement of soil was reported in the case of moist cohesive soil (steel
pipeline), while the highest displacement of the pipeline was reported in the case of moist cohesive soil (3DCP
pipeline)
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