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Abstract: Polyethylene (PE) gas pipes can be jointed together by electrofusion PE fittings, which have
sockets that are fused onto the pipe. Additionally, electrofused PE patches can be used to repair
defected pipes. When these pipelines are buried under the ground, they can experience sever
local stresses due to the presence of pipe joints, which is superimposed on the other effects
including the soil-structure interaction, traffic load, soil’s column weight, a uniform internal pressure,
and thermal loads imposed by daily and/or seasonal temperature changes. The present contribution
includes two cases. At first, stress variations in buried polyethylene gas pipe and its socket due
to the aforementioned loading condition is estimated using finite element. The pipe is assumed
to be made of PE80 material and its jointing socket material is PE100. Afterward, the effects of
aforementioned thermo-mechanical loads on the stress distribution in patch repaired buried pipes are
well investigated. The soil physical properties and the underground polyethylene pipe installation
method are based on the American association of state highway and transportation officials and
American society for testing and material standards. The computer simulation and analysis of stresses
are performed through the finite element package of ANSYS Software. Stress concentrations can be
observed in both components due to the presence of the socket or the repair patch. According to
the results, the electrofusion sockets can be used for joining PE gas pipes even in hot climate areas.
The maximum values of these stresses happen to be in the pipe. Also, the PE100 socket is more
sensitive to a temperature drop. Additionally, all four studied patch arrangements show significant
reinforcing effects on the defected section of the buried PE gas pipe to withstand applied loads.
Meanwhile, the defected buried medium density polyethylene (MDPE) gas pipe and its saddle fused
patch can resist the imposed mechanical and thermal loads of +22 ◦C temperature increase.

Keywords: buried gas distribution pipes; electrofusion socket joints; patch repair; medium density
polyethylene (MDPE); high density polyethylene (HDPE); Von Mises stress; finite element method;
temperature variation

1. Introduction

Petroleum, natural gas, and condensates are naturally occurring substances which are discovered
within the Earth’s crust, are thought to originate from decomposed animal and plant matter. Scientists
believe the plants and animals died in the distant past, and were gradually buried by thick layers of
sediments. Over a long period of time, and with pressure and temperature, the organic materials were
transformed into the oil and gas which are found today. When oil and gas are removed from the ground
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they are sent to refineries by pipelines. Then, many products from these materials, which potentially
contain several chemicals called hydrocarbons, can be obtained including energy for power, motor
oil, gasoline for cars, diesel fuel for trucks and trains, hi-octane fuels for planes, heating oil for houses
etc. Several other materials also come from petroleum such as plastics, asphalt, grease, lubricating oil,
materials for clothes, chemicals for everyday use, paints etc. Since oil has natural gas in it, when oil
is produced often some gas is produced with the oil if natural gas is in the solution. The majority of
oil is trapped in the tiny pore spaces between grains of rock or sand. Oil and gas are discovered in
natural traps which consist of domes or faults within the earth. Impermeable rock above the trap that
fluid cannot pass through it stops the oil and gas from move up to the surface. Without traps, the oil
and gas could migrate all the way to the surface and evaporate. Figure 1 shows an example of an oil
reservoir with a gas cap.
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After geophysicists find reservoirs and process the data to construct pictures of what the earth
looks like underground, drilling companies start to drill into the proposed reservoirs. A drilling rig
is a package of special equipment put together that enables us to create a hole to a projected depth
for producing oil or natural gas [1–4]. Finally, the well is produced into a pipeline, which takes it to
production facilities on surface. The production facilities on surface separate out the gas, oil, and water
into their separate phases. From there, the oil and gas may be refined further before being ready to
market. Finally, the gas and oil can be sold to power cars and heat houses.

High density (HD) and medium density (MD) polyethylene materials are often used to produce
gas pipes. A pipeline network needs a long length pipe to dispatch natural gas. It is troublesome
to produce long pipes, hence the needed lengths of pipe is assembled by connecting short pipes
together. Additionally, in order to construct long pipe networks, it is essential to utilize joining
methods such as butt-welding, electro-fusion, mechanical joining etc. Mainly, electro-fusion joint
is extensively employed since it is empirically feasible to perform even in areas where access is
restricted. Generally, buried pipes are divided into two categories: flexible pipes, where the pipe
deforms under applied loads at least 2 percent of the pipe diameter without any effect to the pipe
material, and rigid pipes, where the pipe structure changes (for example with crack creation) in
the mentioned deformation [5]. PE pipes behave as flexible pipes when installed underground.
In the underground application of PE pipes, the installation procedure and the design method are
of great importance for natural gas distributor companies. The first step in buried pipe design is to
determine the soil dead load and surcharge loads on the pipe and ensure the safe operation of the
PE pipes for a long period of time. The load resulted from soil column weight, vehicle wheel, pipe
internal pressure, and daily or seasonal temperature changes which induced horizontal and vertical
deflections along with significant stresses in the pipe wall. Consequently the soil showed reaction to
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the aforementioned pipe action and will limit the pipe deflection. Several experimental and analytical
methods have been proposed by researchers to calculate the applied loads, deflections, and stresses on
the buried pipes that, although suitable for most underground applications, do not produce accurate
results [6]. The modern buried-pipe design was proposed by Marston from Iowa University in the
early 20thcentury [6,7]. Spangler continued theoretical studies on flexible buried pipes by assuming
soil and pipe as linear elastic materials and proposed Iowa’s modified formula to predict deflection
in flexible buried pipes [7]. Afterward flexible pipe materials including aluminum, polyvinyl, and
polyethylene were used in underground applications to improve pipe-soil behavior and reduce costs.
Pipe-soil interaction is a combination system that significant share of the applied load is carried by
the soil around the pipe which makes it difficult to calculate the induced stresses in the pipe material.
One of the strongest numerical approaches to investigate underground structure responses to the
applied loads is the finite element method. Abaqus and Ansys software has been used by several
researchers for three-dimensional modeling of the aforementioned structures. In this research, the
methods discussed in contributions on finite element modeling of buried polyethylene gas pipes
which can be found in references [8–13] are used to further investigate the stress distribution in special
cases of buried polyethylene gas pipe problems which are subjected to the local geometry changes
compared to simple buried pipes. This study can be divided in two parts. In the first part, the case
of joining buried PE pipes by electrofusion socket joints is well discussed. In the second part of the
research, four different patch arrangements used to repair defected buried pipes are investigated,
and their reinforcing effects on damaged parts are discussed. The pipe, socket/patch, the soil grades
surrounding them, and the underground installation procedure and burial depth are all selected based
on the standards commonly used in gas distribution companies. For both cases, the simultaneous
effects of mechanical loads including pipe internal pressure, vehicle traffic load, soil column load,
and more critical thermal loads of temperature variations in PE pipe and its socket/patch on the
induced stresses in PE80 pipe and PE100 socket/patch materials are investigated using Ansys software.
In both cases when the model is imposed to the aforementioned thermo-mechanical loads, stress
concentrations will appear in the pipe and its socket/patch due to local changes in the pipe geometry.

2. Basic Design Theory

In engineering design, soil classification systems for structural applications are based on soil
mechanical and physical properties including grain sizes. Commonly, AASHTO and ASTM standards
are used as guides for these purposes [5,14]. The investigation of structural behavior of underground
systems starts with the determination of applied loads. The design of underground structures is in
accordance with the principle of soil-pipe interaction. Estimating the loads on structures, including gas
pipelines used in underground space, depends on the pipe installation procedure in the trench that can
be found in ASTM D 2321 standard [15,16]. The mechanical properties of the backfill environment or
embedment should meet the special structural application. The mechanical properties of the soil grades
used for bedding, haunching, initial and final backfill and also asphalt cover, along with installation
dimensions are selected based on references [8–11]. Additionally similar loading conditions are
introduced and imposed.

3. Stress Investigation in Socket Joint of Buried Polyethylene Gas Pipe

The socket material for joining MDPE buried gas pipes was selected from the PE100. Based on
references [8–11] PE80 material was selected for the pipe. In order to investigate the stress distribution
in a pressurized PE gas pipe, the value of 11 was selected for pipe and its socket SDR (Standard
dimension ratio) Geometrical and mechanical properties of PE100 socket material are presented in
Table 1 [17].
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Table 1. Geometrical and mechanical properties of PE100 socket.

Geometrical Properties Mechanical Properties

SDR Outer Diameter
(mm)

Wall Thickness
(mm)

Modulus of
Elasticity

Yield Strength
(MPa)

Rupture
Strength (MPa)

Poisson’s
Ratio

Thermal Expansion
Coefficient ( 1

°C )

11 110 10 1034 24.8 35.1 0.4 0.0002

The type of the joining is electro fused socket where the related dimensions are presented in
Figure 2.
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Generally, PE100 material is the proper option to join PE80 pipes. PE100 material has the minimum
allowable stress of 10 MPa for a working life of 50 years in 20 ◦C design temperature. In contrast,
the minimum allowable stress for PE80 material for a working life of 50 years in 20 ◦C design
temperature is as low as 8 MPa. PE100 material shows better resistance against perforation than PE80
material. Additionally, PE100 material shows better resistance to fast crack propagation in comparison
to PE80 material. This means if a crack initiates in a PE100 material, it will stop propagating in a short
length. This advantage is of great importance especially for pipes loaded under high pressure values
that fast crack propagation is of magnificent importance. PE100 material shows good behavior against
creep rupture compared to PE80 material. Additionally, for two different PE100 and PE80 pipes with
the same SDR, PE100 pipe material can be used for higher pressure values. That means with the same
inside pressure for PE100 and PE80 pipe material, the wall thickness of PE100 pipe material can be
chosen 19% less than that of PE80 pipe material [19].

To investigate the stress distribution in the socket the simultaneous effects of soil column
weight, traffic wheel load, pipe and socket temperature changes, internal pressure are considered and
implemented in ANSYS (V12, ANSYS, Pittsburgh, PA, USA) software. Figure 3 illustrates a typical
finite element model of pipe and socket subjected to internal pressure. It should be noted that the
dimension of the model upper surface is x = 1.5 m and z = 1.5 m. Furthermore, because of the identical
effect of the concentrated and distributed wheel load in the selected installation depth, the effect of
distributed wheel load on the pipe and its socket is investigated. Additionally the soil-pipe interaction
is also incorporated in the model by using face-to-face contact elements (conta 172 and target 170).
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4. Evaluation of the Results

As previously mentioned, the effect of traffic load, soil weight, temperature changes, internal
pressure, and the presence of the local changes in the pipe geometry were all included to investigate
their overall effects on the stress distribution in the buried PE80 pipe and its related socket joint
from PE100 material. For the following section of this research, the value of 1.5 is selected for the
design coefficient (factor of safety). Considering the operating temperature of 35 ◦C for underground
pipes buried at a depth of 125 cm, based on climate conditions in hot areas and Ahvaz city [8–13,20],
according to the reported minimum strength value for polyethylene PE100 material [21], the design
stress (maximum allowable stress) for this research is 5.4 MPa. Additionally, this value of design
stress is calculated to be 4.3 MPa for the PE80 pipe material. In all stages of the next section of this
investigation, the mentioned values are considered as the maximum applicable stresses on the pipe.

4.1. Results of Finite Element Solution for the Socket Jointed Buried Pipe

In this section, various thermal and mechanical loadings applied to the buried socket jointed
polyethylene gas pipe during the operation period are considered to be software inputs, and the
resulting induced stresses are evaluated and discussed using finite element method.

The geometry and the installation procedure of the socket jointed polyethylene pipe are similar
to that of normally buried polyethylene pipe which is well described [8–12]. Therefore, the same
temperature variations for the buried pipe impose to the socket too.

The finite element results for maximum values of Von Mises and axial stresses under the
simultaneous effects of the soil column weight, pipe internal pressure, vehicle wheel load and
temperature variations of +5 ◦C, −15 ◦C and 0 ◦C (no variation) in the buried pipe and its socket are
calculated and presented in Table 2.The maximum axial stress and the maximum Von Mises stress
values in the wall of buried socket joint of the gas distribution pipe under the simultaneous effect
of mechanical loads including soil load, internal pressure, vehicle wheel load and thermal loads in
the form of maximum temperature drop of 15 ◦C and increase of 5 ◦C are calculated and plotted
in Figure 4. For Figure 4, the coordinate system is selected so that the origin of the horizontal axes
represents the socket internal surface and the stress variations are plotted from the origin to the socket
crown. As expected, the upper curves pertain to the temperature decrease. Additionally, the dashed
curve indicates the allowable stress value for design temperature of 35 ◦C based on a 50-year life
expectancy for the pipe and socket material. Additionally the Von Mises stresses variations are plotted
from the socket internal surface to its crown.
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Table 2. The simultaneous effect of soil column pressure, pipe internal pressure, vehicle wheel load,
and temperature variations.

Item Maximum Stress (MPa) ∆T = 0 ◦C ∆T = +5 ◦C ∆T = −15 ◦C

Pipe Axial stress 0.56 0.21 1.86
Von Mises stress 2.19 2.30 2.45

Socket
Axial stress 2.52 1.74 4.14

Von Mises stress 2.6 2.11 4.5
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Considering the presented maximum stress results in Table 2 and Figures 4–6 it can be concluded
that:

1. A daily temperature rise of +5 ◦C decreases the maximum axial stresses in the socket joint from
2.52 MPa to 1.74 MPa which is about 31% and additionally decreases the maximum axial stresses
in the pipe from 0.56 MPa to 0.21 MPa which is about 63%.

2. A daily temperature rise +5 ◦C decreases maximum Von Mises stresses in the socket joint from
2.6 MPa to 2.11 MPa which is about 19% and additionally increases maximum Von Mises stresses
in the pipe from 2.19 MPa to 2.30 MPa which is about 3.8%.

3. A daily temperature drop of −15 ◦C increases maximum axial stresses in the socket joint from
2.52 MPa to 4.14 MPa which is about 64% and additionally increases maximum axial stresses in
the pipe from 0.56 MPa to 1.86 MPa which is about 235%.

4. A daily temperature drop of −15 ◦C increases maximum Von Mises stresses in the socket joint
from 2.60 MPa to 4.50 MPa which is about 73% and additionally increases maximum Von Mises
stresses in the pipe from 2.19 MPa to 2.45 MPa which is about 12%.

5. According to the Figures 4–6, in all cases the maximum values for both axial and Von Mises
stresses occurs at the middle of the socket internal surface while the minimum values of the
aforementioned stresses in the socket occur where the internal surface of the socket joins the pipe
outer surface.

After investigating the effect of socket joints, in the next section the effect of patch repair is well
studied by finite element method.

4.2. Results of Finite Element Solution for the Patch Repaired Pipe

Engineering structures bear or transfer several loads and may be defected during their lifetime
due to several reasons. An understanding of fracture mechanisms plays an important role in structural
materials safe design. Therefore several numerical methods have been used to investigate and
model fracture in materials [22–40]. The calculation of stress distribution in a damaged underground
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polyethylene gas pipe using finite element modeling was well discussed in [9], where several circular
and elliptical shaped defects with various circular hole diameter and ellipse hole diameter ratios
a/b, were modeled at the pipe crown. Additionally, the effect of 4 types of polyethylene patch repair
arrangements on the stress reduction in the aforementioned defected pipes was well investigated by
the computational modeling and analysis tools of ANSYS software [10]. In the following, we continued
the study in references [9,10] to investigate the buried PE pipe with more details and under more
critical loading conditions. The finite element code is used for modeling and analysis of the pipe, patch
and their surrounding and since stress distribution in the pipe wall is very important, 3D brick-type
SOLID95 elements, available in the ANSYS software package elements library, are well employed
to model the physical medium. The SOLID95 element has three degrees of freedom at each node
(translations in the x, y, and z coordinate directions) that makes it very suitable for solving curved
boundary problems. Additionally, to have the best mesh control with a minimal number of finite
elements and to reduce the computational time and costs, the mapped (structured) finite element mesh
which typically has a regular pattern, is performed to control the mesh efficiency. In this research we
study the stress reduction effects on defected polyethylene gas pipes reinforced by polyethylene patches
under sever thermo-mechanical loads for four various patch arrangements including semi-cylindrical,
circular-partial, square-partial and saddle fusion patches to find the optimum patch shape. For the
purpose of finding an appropriate patch shape and geometry, identical thickness (4.763 mm), inside
diameter (114.3 mm) and material properties (PE 100) are considered for all patch types. It is assumed
that the pipe and patch materials behave as linear elastic and have isotropic properties. A typical
pipe-patch arrangement (saddle fusion patch) and related dimensions can be found on Figure 7.
Additionally, the pipe and patch material mechanical properties can be found on Table 3.Energies 2018, 11, x 9 of 25 
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Figure 7. Polyethylene pipe and patch arrangement. (a) Two dimensional view (dimensions in mm) of
the cross section of the medium density polyethylene gas pipe. (b) Three dimensional model of patch
repaired pipe showing patch dimensions [8–12,41].

Table 3. Mechanical properties of the PE80 pipe and PE100 patch materials [8–12,41].

Material
Mechanical Properties

Elasticity Module (MPa) Yield Stress (MPa) Poisson Ratio Thermal Expansion Coefficient ( 1
°C )

PE80 427 19.3 0.35 0.0002
PE100 1034 24.8 0.4 0.0002

In the next section we investigate the aforementioned models with more details by superimposing
various thermal loads in the form of temperature variations to the mechanical loads including surcharge
loads, soil column weight, soil-pipe interaction, and inside pressure of 4 bar applied to the repaired
defected polyethylene pipe and its patch. The results of previous section show that the maximum
Von Mises stress values are well below the allowable stresses (based on the design factor of 1.5)
for working life of 50 years at 35 ◦C. Additionally lower values of safety factor (design factor) are
applicable to design underground gas pipes. By selecting the value of 1.25 for safety factor, the values
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of allowable stresses for working life of 50 years at 35 ◦C will be 5.2 MPa and 6.5 MPa for PE80 pipe
and PE100 patch materials respectively. We prefer to use these values for the following section of
the research.

Before starting to investigate the complicated case of underground problem and soil-structure
interaction for buried patch repaired polyethylene gas pipe, we perform verification by finite element
modeling of the patch repaired PE pipe not buried under the ground and only loaded to a final internal
pressure of 4 bars. The results are well described in the following section.

4.2.1. Finite Element Modeling and Solution for an Unburied Patch Repaired Pipe with Circular
Wall Holes

In this section, we use finite element modeling to evaluate stress distribution in a defected unburied
MDPE gas pipe that is repaired by applying a 76.2 mm (3”) long saddle fusion patch to verify the
applicability and accuracy of the computer simulation to solve patch repaired pipe problems and to find
the optimum finite element model dimension for pipe length. Therefore, a 4-inch (nominal diameter)
unburied MDPE pipe and its related patch, which is subjected only to a final pressure of 405,300 Pa (4 bar),
is modeled computationally. The modeled pipe had circular holes with various diameters (5, 7.5, 10, 12.5,
15, 17.5, 20 mm) at the pipe crown, which are repaired by a saddle fusion patch made of high-density
polyethylene material. It is assumed that the related patch is electro fused to the pipe, which creates a
strong continuous connection. A geometric computer model of the pipe and its related patch was created
in ANSYS so that the center of the coordinate system aligned with the center of the pipe and its patch
and the z-axis aligned with the axis of the pipe and its patch. Also, the appropriate boundary conditions
selected for the finite elements in this section is as Equations (1) and (2):

@ z = ± l
2

; uz = 0 (1)

@ x = 0; ux = 0 (2)

The plane strain constraint in the direction of the pipe axis (z-axis) is assumed for the long pipe
where this constraint is applied to the nodes located at the related coordinates as seen in Equation (1).
Additionally, Equation (2) is well applied because of the model and loading condition symmetry in
y-z plane.

Unburied Patch Repair Finite Element Model Evaluation

The good performance of the present method is demonstrated in Table 4 by a number of numerical
examples. Maximum values of hoop and Von Mises stresses in pipe and its related patch for different
hole diameters and pipe lengths derived by the finite element method are presented.

Table 4. Comparing maximum stress values in pipe and patch under internal pressure, investigating
the pipe length size.

Model Dimension Maximum Stress in Pipe Maximum Stress in Patch

Hole Diameter
(mm)

Pipe Length
(m)

Number of
Elements

Von Mises
Stress (MPa)

Hoop Stress
(MPa)

Von Mises
Stress (MPa)

Hoop Stress
(MPa)

5
0.5 17,520 2.94 2.88 3.4 3.75

1.5
18,889 2.93 2.87 3.39 3.74
24,732 2.92 2.86 3.4 3.73

7.5
0.5 20,968 3.01 2.92 3.16 3.54

1.5
22,337 3 2.91 3.16 3.57
30,056 3.02 2.93 3.14 3.56

10
0.5 19,591 3.04 2.93 3.36 3.61

1.5
20,960 3.03 2.92 3.36 3.61
24,231 3.02 2.91 3.37 3.6
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Table 4. Cont.

Model Dimension Maximum Stress in Pipe Maximum Stress in Patch

Hole Diameter
(mm)

Pipe Length
(m)

Number of
Elements

Von Mises
Stress (MPa)

Hoop Stress
(MPa)

Von Mises
Stress (MPa)

Hoop Stress
(MPa)

12.5
0.5 9,726 3 2.9 3.56 3.73

1.5
11,095 2.99 2.89 3.55 3.72
17,928 2.98 2.88 3.56 3.71

15
0.5 9,726 3 2.88 3.83 3.66

1.5
11,095 2.99 2.87 3.82 3.65
22,118 2.98 2.89 3.81 3.66

17.5
0.5 10,769 3.02 2.85 3.73 3.92

1.5
12,138 3.01 2.84 3.73 3.92
18,380 3.02 2.86 3.72 3.91

20.0
0.5 10,769 3.01 3.83 3.86 3.98

1.5
12,138 3 3.82 3.85 3.98
18,380 3.02 3.82 3.84 3.99

Additionally, to obtain accurate results, the postulated model was run based on different mesh
conditions and number of elements. Considering the obtained solutions for the hoop and Von Mises
stresses from the finite element solution it can be concluded that:

1. For the patch repaired pipe models and considering the same hole diameter it is clear that for
models longer than 0.5 m, increasing the pipe length will not affect the maximum hoop and Von
Mises stress values at the damage location in the pipe and also in the patch, significantly.

2. Increasing the hole diameter will increase the maximum value of hoop and Von Mises stresses
in the patch. On the other hand increasing the hole diameter will not increase the maximum
value of hoop and Von Mises stresses in the pipe significantly because of the reinforcing effect of
the patch.

3. Comparing the results of various number of elements shows that if the distribution of the
implemented finite elements is done properly, increasing the number of elements will not affect
the results in pipe and patch significantly.

4. According to the results of finite element solution, seen in Figure 8, the maximum values of hoop
and Von Mises stresses in the perforated pipe occur on the internal surface (inside) of the pipe
and around the hole at the sides of the defect location.

Based on these results, the selected mesh type, finite elements, loading conditions, and applied
boundary conditions in this section are appropriate for carrying out the next stages of the research and
can be used to perform finite element modeling of the other three types of patch arrangements which
will be discussed in the next section. Additionally, in order to obtain accurate results the value of 1.5 m
is used for the pipe length in the next modeling stages.
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Figure 8. Finite element modeling of sectioned pipe and socket to show Von Mises stress distribution.
(a) Mesh generation and the application of internal pressure. (b) Stress distribution in PE pipe with 1”
diameter circular hole. (c) Stress distribution in PE pipe and patch.

Comparing the Results of Different Patch Arrangements

Before investigating and discussing the complicated problem of buried patch repaired pipelines,
for the better understanding, we decide to evaluate the efficiency of the patch repair in the
reinforcement of the defected unburied pipe. Four different patch arrangements in the form of
semi-cylindrical, circular-partial, square-partial and saddle fusion patches are modeled and discussed.
The same procedure described in previous section is followed and used to calculate the maximum
stresses in the patch and pipe loaded to an internal gas pressure of 4 bar. The number of finite elements
used in this study to model unburied pipe and its patch for various patch arrangements are presented
in Table 5.

The plotted curves in Figure 9 show the variation of maximum Von Mises stress in the defected
patch repaired PE pipe for each kind of patch arrangement and also in unrepaired defected pipe,
versus various hole diameters in the pipe. Additionally, the reduction percentage in maximum stress
values resulted from the application of a special patch repair are shown and compared in Table 6.
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Figure 9. Curves for maximum Von Mises stresses in various patch arrangements for unburied pipe
and patch arrangement.

Table 5. Number of finite elements used to model unburied pipe and its patch for various
patch arrangements.

Hole Diameter (mm)
Number of Finite Elements

Saddle Fusion Patch Semi-Cylindrical Patch Circular Partial Patch Square Partial Patch

5 18,889 18,044 8,198 6,823
7.5 22,.337 20,739 8,198 6,791
10 20,960 20,004 8,198 6,099

12.5 11,095 10,619 8,198 4,933
15 11,095 10,619 8,198 4,933

17.5 12,138 10,881 8,198 5,426
20 12,138 10,881 8,198 5,426

Table 6. Maximum Von Mises stress reduction percentage in the holed pipe for various patch
arrangements under internal pressure.

Hole Diameter (mm)
Maximum Von Mises Stress Reduction in Pipe (%)

Square Partial Patch Circular Partial Patch Saddle Fusion Patch Semi-Cylindrical Patch

5 12.5 7.9 48.6 46.5
7.5 17 15.9 50.9 48.9
10 20.4 20.5 53.2 51.1

12.5 23.4 25.1 55.4 53.5
15 26.3 29.7 57.1 54.8

17.5 29.9 32.3 59.2 57
20 33.5 34.2 61.4 59.3

It can be implied from Figure 9 and Table 6 that:

1. All four patch arrangements have significant effect on the reduction of the maximum Von Mises
stresses in the reinforcement of the damaged section of the pipe.

2. The results of Table 6 show that the percentage of the maximum Von Mises stress reduction in the
pipe increases for larger hole diameters.

3. The most effective patch in the reinforcement of the pipe is saddle fusion arrangement which
reduces the maximum Von Mises stresses about 48%. For square-partial patch, although the effect
is notable, it is less than the other 3 kinds of patches. This patch reduces the maximum Von Mises
stresses by about 8%.

4. The aforementioned curves indicate that semi-cylindrical patch and saddle fusion patch show
similar trends. Additionally, the results of circular-partial patch and square-partial patches are
close to each other.
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5. It can be implied that, the reinforcement effect of semi-cylindrical patch and saddle fusion patch
are significantly more than the other two patch arrangements.

4.2.2. Finite Element Modeling and Solution for a Buried Patch Repaired Pipe with Circular Wall Holes

In this section we continue to investigate the studies in [9,10] with more details and under
more critical loading conditions by superimposing various thermal loads in the form of temperature
variations and the mechanical loads including surcharge loads, soil column weight, soil-pipe interaction
and inside pressure of 4 bar applied to the repaired defected polyethylene pipe and its patch. The trench
dimensions and pipe surroundings are selected based on Figure 10. Also, soil grades which are selected
based on ASTM standards along with model dimensions are depicted on the computer simulation
model in Figure 10.

The results of previous section show that the maximum Von Mises stress values are well below
the allowable stresses (based on the design factor of 1.5) for working life of 50 years at 35 ◦C.
Additionally lower values of safety factor (design factor) are applicable to design underground gas
pipes. By selecting the value of 1.25 for safety factor, the values of allowable stresses for working life of
50 years at 35 ◦C will be 5.2 MPa and 6.5 MPa for PE80 pipe and PE100 patch materials respectively. We
prefer to use these values for the following section of the research. In order to perform a proper finite
element study on the underground structure, it is important to find an appropriate model dimension
which the obtained results not to be dependent on the model size. Therefore, the finite element
simulation of various model sizes are calculated and compared in Table 7.Energies 2018, 11, x 14 of 25 
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Figure 10. Finite element model of the patched pipe with surrounding soil subjected too internal
pressure. GW: Well-graded gravels; SM: Silty sands [11].

The results of maximum Von Mises and hoop stresses in the pipe and its patch show that the
upper surface dimension of z × x = (1.5 m) × (1.5 m) is appropriate to perform finite element modeling
of this research, since larger models will not affect the stress values significantly.
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Table 7. Simultaneous effect of soil column weight and internal pressure on maximum hoop and Von
Mises stresses in defected pipe and patch for various x and z values.

Finite Element Model Specifications Maximum Stress in Pipe Maximum Stress in Patch

Hole Diameter
(mm)

Model Upper Surface
Dimension z × x = A

Number Finite
Elements

Von Mises
Stress (MPa)

Hoop Stress
(MPa)

Von Mises
Stress (MPa)

Hoop Stress
(MPa)

5

0.50 m × 0.4143 m 38,986 3.99 4.09 3.39 3.77
0.50 m ×1.00 m 49,182 3.36 3.35 3.37 3.73
1.50 m × 1.00 m 57,594 3.35 3.34 3.37 3.73
0.50 m × 1.50 m 73,537 3.25 3.22 3.36 3.71
1.50 m × 1.50 m 81,068 3.24 3.22 3.35 3.7

20

0.50 m × 0.4143 m 27,036 4.01 3.89 3.95 4.11
0.50 m × 1.00 m 46,977 3.38 3.22 3.87 3.98
1.50 m × 1.00 m 62,011 3.37 3.22 3.86 3.98
0.50 m × 1.50 m 74,326 3.28 3.11 3.84 3.94
1.50 m × 1.50 m 82,994 3.27 3.1 3.38 3.95

The Simultaneous Effects of Thermo-Mechanical Loads on Semi-Cylindrical Patch Arrangement

Figure 11 shows the variations in the maximum values of Von Mises stresses in the buried PE80
pipe that is repaired by a 76.2 mm long semi-cylindrical patch arrangement, versus defect sizes in the
form of circular holes under simultaneous effects of mechanical loads in the form of soil load, 4 bar
internal pressure, vehicle wheel load and various thermal loads in the form of daily and seasonal
temperature variations.
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Figure 11. Maximum Von Mises stress variations in the buried pipe for various size circular hole defects
repaired by semi-cylindrical patch (the simultaneous effect of soil load, internal pressure, vehicle wheel
load and temperature variations).

The upmost curve shows the values of maximum Von Mises stress for the defected pipe before
the application of patch repair and indicates that increasing hole diameter increases the maximum
Von Mises stress significantly. The comparison of this curve with allowable stress value for a working
life of 50 years (dashed line) shows that the imposed stresses in defected pipe are significantly higher
than allowable stress values. For the other four curves which show the maximum Von Mises stress
values in the defected polyethylene pipe repaired by semi-cylindrical patch, the stress values are
well below the results of unrepaired defected pipe and also well below the allowable stress value.
This means the aforementioned patch repair can strengthen the defected part of the pipe as well to
transfer the gas fuel. Additionally, for the investigated defects at a constant temperature variation, the
maximum Von Mises stresses remain approximately constant even by increasing the hole size. The
curves for −22 ◦C, −15 ◦C, 0 ◦C (no temperature changes), +5 ◦C, and +22 ◦C temperature changes



Energies 2018, 11, 2818 15 of 24

shows approximately similar trend with hole diameter increase where for these cases the minimum
Von Mises stresses are not increasing significantly for larger hole sizes. Generally stating, the maximum
Von Mises stresses in the pipe increases for higher temperature increases. That means the patch is more
effective in reinforcing defected pipe for lower temperature changes. For example, for a fixed hole
diameter of 20 mm, the stress reduction percentage in the pipe wall are 53%, 53%, 46%, 44%, and 35%
for the temperature changes of −22 ◦C, −15 ◦C, 0 ◦C, +5 ◦C, and +22 ◦C respectively. Also, the patch
is more effective in reinforcing defected pipe for larger hole diameters. The maximum stress values are
related to the seasonal temperature increase of +22 ◦C.

Additionally, Figure 12 presents maximum values of Von Mises stresses in the 3” long
semi-cylindrical patch arrangement versus pipe circular hole diameters under simultaneous effects of
mechanical loads and various thermal loads in the form of daily and seasonal temperature variations.
Based on the obtained results, the temperature variations have a significant effect on the maximum
Von Mises stresses in the semi-cylindrical patch itself. The lowest curve on Figure 12 which shows
the lowest values of maximum Von Mises stresses belongs to the situation where no temperature
change is imposed to the pipe and patch at the burial depth under the ground that means it is the
case with the minimum valves of the induced maximum Von Mises stresses compared to the other
temperature changes. Additionally, the uppermost curve fits the data obtained for the maximum
temperature change (+22 ◦C temperature increase, based on seasonal variations), which shows the case
with highest values of induced maximum Von Mises stresses among others. For the semi-cylindrical
PE100 patch material it can be implied that higher temperature changes (both temperature increase
and temperature decrease) impose higher maximum Von Mises stresses. Also, for the cases of low
temperature changes including 0 ◦C, +5 ◦C, the maximum Von Mises stresses in the patch show an
increase trend by increasing the pipe hole diameter, while for the cases of higher values of temperature
changes including −15 ◦C, −22 ◦C, +22 ◦C the maximum Von Mises stresses will remain approximately
constant even for larger hole diameters. Based on the calculated results, the semi-cylindrical patch can
reinforce the proposed circular hole modeled defects efficiently. The only problem is that for higher
temperature changes, the maximum Von Mises stress values in the patch itself can be critical which
requires more research and investigation on the other patch configurations.
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The Simultaneous Effects of Thermo-Mechanical Loads on Circular Partial Patch Arrangement

In this section in order to more investigate to find a proper patch, a circular partial patch
arrangement is designed and its reinforcing effect on the damaged underground PE gas pipe are
being studied. The results of the FE simulation in the form of variations in the maximum values of
Von Mises stresses in the buried PE80 pipe that is repaired by the circular partial patch arrangement,
versus defect sizes in the form of circular hole under simultaneous effects of the previously mentioned
mechanical loads and various thermal loads are depicted in Figure 13.

Similar to the previous case, as expected the upmost curve is related to the values of maximum
Von Mises stresses for the defected pipe prior to circular-partial patch application and shows that for
larger hole diameters, the maximum Von Mises stress increases significantly. Based on the results
of the other five presented curves which shows the maximum Von Mises stresses in the defected
polyethylene pipe repaired by circular-partial patch and comparing these curves with dashed line that
indicates allowable stress values, the imposed stress values are well below the results of unrepaired
defected pipe but slightly above the allowable stress values. Considering the case of 20 mm hole
diameter, the stress reduction percentage in the pipe wall are 31%, 29%, 26%, 24%, and 22% for the
temperature changes of −22 ◦C, −15 ◦C, 0 ◦C, +5 ◦C, and +22 ◦C respectively. The results imply
that for the application of the aforementioned patch repair to reinforce the damaged part of the pipe
some stress relief mechanisms must be employed too. Additionally, for the investigated defects at
a constant temperature variation, the maximum on Mises stresses remain approximately constant
even by increasing the hole size. The curves for −22 ◦C, −15 ◦C, 0 ◦C, +5 ◦C, and +22 ◦C temperature
changes shows approximately similar trend with hole diameter increase. The maximum stress values
are related to the seasonal temperature increase of +22 ◦C.
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Figure 13. Maximum Von Mises stress variations in the buried pipe for various size circular hole
defects repaired by circular partial patch (the simultaneous effect of soil load, internal pressure, vehicle
wheel load and temperature variations).

Additionally, the maximum values of Von Mises stresses in the circular partial patch arrangement
versus pipe circular hole diameters under simultaneous effects of aforementioned mechanical loads
and various thermal loads in the form of daily and seasonal temperature variations are presented in
Figure 14. According to the obtained results, the temperature variations have significant effect on the
maximum Von Mises stress variations in the circular partial patch. The lowest curve on Figure 14
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belongs to the situation where no temperature change is imposed to the pipe and patch at the burial
depth under the ground that means it is the case with the minimum valves of the induced maximum
Von Mises stresses. Additionally, the uppermost curve fits the data obtained for the maximum
temperature change (+22 ◦C temperature decrease, based on seasonal variations), which shows the
case with highest values of induced maximum Von Mises stresses among others. For the circular
partial PE100 patch material it can be implied that higher temperature changes (both temperature
increase and temperature decrease) impose higher maximum Von Mises stresses.
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Figure 14. Maximum Von Mises stress in the circular partial patch for various sizes of circular hole
defects (the simultaneous effect of mechanical and thermal loads).

For higher temperature changes, including a +22 ◦C temperature increase and a −22 ◦C
temperature decrease, the maximum Von Mises stresses are above the allowable stress which means
applying circular partial patches in these areas cannot be suggested. For lower temperature changes
including −15 ◦C, 0 ◦C, and +5 ◦C the maximum Von Mises stresses are well below the allowable
stress limit, which means the circular partial patch is applicable in the areas with the temperature
changes up to the mentioned values.

The Simultaneous Effects of Thermo-Mechanical Loads on Square Partial Patch Arrangement

The same procedure which was discussed for semi-cylindrical and circular partial patches in the
two previous sections is used to investigate square partial patch arrangement by finite element method.
The results of Ansys simulation for the variations in the maximum values of Von Mises stresses in the
buried PE80 pipe that is repaired by a square partial patch arrangement, versus defect sizes in the
form of circular hole under simultaneous effects of mechanical loads in the form of soil load, 4 bar
internal pressure, vehicle wheel load, and various thermal loads in the form of daily and seasonal
temperature variations are depicted in Figure 15.

Comparing the curves showing the results of maximum Von Mises stress values for various
temperature changes and the upmost curve which is related to the defected unrepaired pipe, shows
that square-partial patch arrangement plays an important role in decreasing maximum stress values
and strengthening the defected part of the pipe. For more understanding, considering the case of the 20
mm hole diameter, the results show the stress reduction percentage in the pipe wall are 29.5%, 29.2%,
25.6%, 24.3%, and 21.7% for the temperature changes of −22 ◦C, −15 ◦C, 0 ◦C, +5 ◦C, and +22 ◦C
respectively, which shows that patch has more reinforcing effects for lower temperature changes. Even
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though, the square-partial patch has significant effect on reinforcing the defected pipe and decreasing
the maximum Von Mises stress values, but comparing the results with the dashed line of allowable
stress shows that the induced maximum Von Mises stresses are slightly higher than allowable stress
values. Therefore, if we decide to use this kind of patch, more researches should be conducted to obtain
some stress relief mechanisms. Additionally, the curves show similar trends for different temperature
changes. Furthermore, comparing these curves with the results obtained for circular-partial patch
shows approximately similar trends between these two cases.
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Figure 15. Maximum Von Mises stress variations in the buried pipe for various sizes of circular hole
defects repaired by square partial patch (the simultaneous effect of soil load, internal pressure, vehicle
wheel load and temperature variations).

Additionally, the maximum values of Von Mises stresses in the square partial patch arrangement
versus pipe circular hole diameters under simultaneous effects of aforementioned mechanical loads
and various thermal loads in the form of daily and seasonal temperature variations are presented in
Figure 16. As can be implied, the temperature variations have a significant effect on the variation of
the maximum Von Mises stresses in the square partial patch. The lowest curve on Figure 16 belongs
to the situation where no temperature change is imposed to the pipe and patch at the burial depth
under the ground that means it is the case with the minimum valves of the induced maximum Von
Mises stresses. Additionally, uppermost curve fits the data obtained for the maximum temperature
change (+22 ◦C temperature increase, based on seasonal variations), which shows the case with highest
values of induced maximum Von Mises stresses among others. It is clear that for low temperature
changes, including 0 ◦C and +5 ◦C, the maximum Von Mises stresses in the patch increases for larger
hole diameters. For higher temperature changes including −15 ◦C, −22 ◦C, and +22 ◦C the results
will remain approximately constant even by increasing hole diameter. For the square partial PE100
patch material it can be implied that higher temperature changes (both temperature increase and
temperature decrease) impose higher maximum Von Mises stresses. The curves showing the data of
patch stress results are below the allowable stress of the patch material except for the case of +22 ◦C
temperature increase.
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Figure 16. Maximum Von Mises stress in the square partial patch for various sizes of circular hole
defects (the simultaneous effect of mechanical and thermal loads).

The Simultaneous Effects of Thermo-Mechanical Loads on Saddle Fusion Patch Arrangement

In the previous parts, three patch repair configurations were introduced and discussed in details.
Finite element solutions for investigating the stress distribution in the aforementioned patch repairs to
find the effectiveness of the proposed patch arrangements gave us the knowledge that semi-cylindrical
patch configuration can effectively reinforce the defected part of the pipe. For the sake of finding
a more reliable patch configuration we decide to investigate a full-cylindrical (called saddle fusion)
patch repair. In order to verify the finite element model dimension, in Section 4.2.2 the variation of
maximum Von Mises stresses in the repaired defected buried polyethylene gas pipe and its 3 inch long,
saddle fusion patch under mechanical loads is well discussed. Figure 17 shows the variations in the
maximum values of Von Mises stresses in the buried PE80 pipe that is repaired by a saddle fusion patch
arrangement, versus defect sizes in the form of circular hole under simultaneous effects of mechanical
loads in the form of soil load, 4 bar internal pressure, vehicle wheel load, and various thermal loads in
the form of daily and seasonal temperature variations. The comparison of the curves resulted from
saddle fusion patch repair for various temperature changes of −22 ◦C, −15 ◦C, 0 ◦C, +5 ◦C, and +22 ◦C
with the upmost curve which shows the maximum Von Mises stress values for defected pipe before
repair shows that the saddle fusion patch repair effectively reinforces the damaged part of the pipe to
reliably transfer the gas. Additionally, comparing the mentioned five curves with the dashed line that
indicates allowable stress values for PE80 pipe material shows that the maximum Von Mises stress
values are well below the allowable stress. For more clarification considering the case of 20 mm hole
diameter, the results show the stress reduction percentage in the pipe wall are 54%, 56%, 45%, 43%,
and 36% for the temperature changes of −22 ◦C, −15 ◦C, 0 ◦C, +5 ◦C, and +22 ◦C respectively. All the
five curves show similar trends.
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Figure 17. Maximum Von Mises stress in buried pipe for circular hole defects, saddle fusion patch
repaired (simultaneous effects of soil load, internal pressure, vehicle load and temperature variations).

Figure 18 presents maximum values of Von Mises stresses in the 3 inch long, saddle fusion patch
arrangement versus pipe circular hole diameters under simultaneous effects of previously mentioned
mechanical and various discussed thermal loads. The obtained results show that, the temperature
variations have significant effect on the maximum Von Mises stresses in the saddle fusion patch.
similar to the 3 previously discussed patch arrangements the lowest curve on Figure 18 belongs to the
situation where no temperature change is imposed to the pipe and patch at the burial depth under the
ground that means it is the case with the minimum valves of the induced maximum Von Mises stresses.
Additionally, the uppermost curve fits the data obtained for the maximum temperature change (+22 ◦C
temperature increase, based on seasonal variations), which shows the case with highest values of
induced maximum Von Mises stresses among others. For the saddle fusion PE100 patch material it can
be implied that higher temperature changes (both temperature increase and temperature decrease)
impose higher maximum Von Mises stresses. For all curves, the maximum Von Mises stress values in
the patch will increase for larger hole diameters. For all cases, the maximum Von Mises stresses are
well below the allowable stress limit for PE100 material which means the saddle fusion patch is well
applicable to repair the proposed defects in even hot areas. Therefore, the results show the application
of 3” saddle fusion patch is advisable for the proposed loading condition.
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5. Conclusions 

In the present contribution a simple and effective computational method is developed to treat 
actual industrial fully three-dimensional complicated problems of large underground space. The 
finite element method is used to investigate stress distribution in buried gas pipe subjected to 
thermo-mechanical loads and stress concentrations due to changes in the geometry. This study was 
divided in two parts. In the first case, stress values were calculated for the socket joint of the buried 
PE pipe so that by applying the proper pipe joints, the stress be reduced to levels below the 
allowable values. For the second part, the effects of thermo-mechanical loads on the stress 
distribution in patch repaired buried pipes are well investigated. For this purpose, in this research, 
3D finite element modeling of buried gas pipe and its socket/patch is performed using ANSYS 
software. Stress variations in the buried MDPE gas pipe and high density polyethylene (HDPE) 
socket/patch were fully investigated in a hot climate region to determine the critical stress values 
caused by stress concentrations at the pipe and socket/patch, enabling us to find the applicable 
method for joining or repairing MDPE gas transportation piping in such areas. The optimum burial 
depth was found to be 1.25 m, while the maximum and minimum ground surface temperatures at 
this depth were calculated to be 35 °C and 13 °C, respectively. Furthermore, the soil column weight 
above the pipe, the surcharge loads in terms of traffic load, the gas pressure of 4 bar inside the pipe 
and the stress concentrations due to a local change in geometry (in the form of damage) were 
imposed on the pipe and its socket/patch resulting in the following conclusions: 

By considering the obtained plots for stress values in buried pipe and its socket and comparing 
it with allowable stress values for the pipe, the correct joining method can be investigated. Based on 
the results, maximum Von Mises stresses occurs at the middle of the socket internal surface while 
the maximum values of the aforementioned stresses in the socket occur where the internal surface of 
the socket joins the pipe outer surface. In both pipe and socket the maximum values of the 
aforementioned stresses are well below the allowable stresses and therefore the introduced socket 
joint can be used under the described working condition. Additionally, for the problem of the patch 
repaired buried pipes, the results show that all four patch configurations have significant reinforcing 
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Figure 18. Maximum Von Mises stress in 3 inch long, saddle fusion patch for various sizes of circular
hole defects (the simultaneous effect of mechanical and thermal loads).

5. Conclusions

In the present contribution a simple and effective computational method is developed to
treat actual industrial fully three-dimensional complicated problems of large underground space.
The finite element method is used to investigate stress distribution in buried gas pipe subjected
to thermo-mechanical loads and stress concentrations due to changes in the geometry. This study
was divided in two parts. In the first case, stress values were calculated for the socket joint of the
buried PE pipe so that by applying the proper pipe joints, the stress be reduced to levels below the
allowable values. For the second part, the effects of thermo-mechanical loads on the stress distribution
in patch repaired buried pipes are well investigated. For this purpose, in this research, 3D finite
element modeling of buried gas pipe and its socket/patch is performed using ANSYS software. Stress
variations in the buried MDPE gas pipe and high density polyethylene (HDPE) socket/patch were
fully investigated in a hot climate region to determine the critical stress values caused by stress
concentrations at the pipe and socket/patch, enabling us to find the applicable method for joining or
repairing MDPE gas transportation piping in such areas. The optimum burial depth was found to be
1.25 m, while the maximum and minimum ground surface temperatures at this depth were calculated
to be 35 ◦C and 13 ◦C, respectively. Furthermore, the soil column weight above the pipe, the surcharge
loads in terms of traffic load, the gas pressure of 4 bar inside the pipe and the stress concentrations due
to a local change in geometry (in the form of damage) were imposed on the pipe and its socket/patch
resulting in the following conclusions:

By considering the obtained plots for stress values in buried pipe and its socket and comparing it
with allowable stress values for the pipe, the correct joining method can be investigated. Based on
the results, maximum Von Mises stresses occurs at the middle of the socket internal surface while the
maximum values of the aforementioned stresses in the socket occur where the internal surface of the
socket joins the pipe outer surface. In both pipe and socket the maximum values of the aforementioned
stresses are well below the allowable stresses and therefore the introduced socket joint can be used
under the described working condition. Additionally, for the problem of the patch repaired buried
pipes, the results show that all four patch configurations have significant reinforcing effect on the
defected section of the buried pipe under the aforementioned thermo-mechanical loads. Meanwhile,
the maximum Von Mises stresses in both pipe and saddle fusion patch are well below the allowable
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stress limit for PE material which means the saddle fusion patch is well applicable to repair the
proposed defects in even hot areas. Therefore, the results show the application of introduced socket
and also saddle fusion patch is advisable for the proposed loading condition.
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Abbreviations

C Design coefficient
Di Pipe inside diameter (mm)
Do Pipe outside diameter (mm)
E Elastic modulus (MPa)
h Pipe thickness (mm)
l Pipe length in the model (mm)
MRS Maximum reduced strength (MPa)
pi Pipe inside pressure (mm)
SDR Standard dimension ratio (SDR = D

h )
t Time (sec)
T(y,t) Induced temperature in the soil (◦C)
y Depth of the pipe (cm or mm)
α Thermal diffusivity (cm2/s) at penetration depth
∆T Temperature change (◦C)
ν Poisson’s ratio
σ Normal stress in the pipe (MPa)
σe Von Mises stress (MPa)
σθθ Tangential stress in the pipe (MPa)
σrr Radial stress in the pipe (MPa)
σzz Longitudinal stress in the pipe (MPa)
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