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Abstract

Advantages of polyethylene pipes over traditional steel or metal pipes have increased industry interest in the use of polyethylene (PE)
pipelines for underground applications and especially in gas distribution networks. In this study, finite element analysis is used to cal-
culate the stress distribution in a patch repaired defective gas pipe under internal pressure. The pipe is assumed to be buried at a depth of
125 cm. The material is assumed to be medium density PE80B, where the patch material was selected from high density polyethylene
(HDPE). During the loading process, the seasonal pipe temperature changes, surcharge loads, soil column weight, and soil–pipe inter-
action were included in the analysis. Four types of patch arrangements were selected to repair the damaged pipe. The shape of the defect
hole was deemed as circular or elliptic. With respect to elliptic defects, various minor to major diameter ratios, a/b, were selected to sim-
ulate a circular to a crack shaped defect. Based on the results, the semi-circular and saddle fusion patches decrease the peak von Mises
stress in the pipe by almost the same amount. However, the minimum peak von Mises stress in the patch corresponds to the saddle fusion
repair arrangement. Based on the results, with respect to a saddle fusion repair, when the shape of the defect approaches a crack, the peak
von Mises stress in the pipe almost doubles and exceeds the pipe allowable stress for a working life of 50 years. With respect to higher
values of a/b, the stress level in the patch repaired pipe is significantly below its limiting value for the same life expectancy.
� 2018 Tongji University and Tongji University Press. Production and hosting by Elsevier B.V. on behalf of Owner. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1 Introduction

Today polymer materials are widely used in construc-
tion areas and especially in the pipeline industry. Polyethy-
lene is a thermoplastic polymer that is composed of long
chains of monomer ethylene. Polyethylene pipes and
related fittings are widely adopted for water, sewage, and
natural gas distribution networks in several countries.
Additionally, industry interest in the use of PE pipes as
an alternative to traditional steel or metal pipes remains
high. Over a period of several years, PE pipes provide
numerous benefits when compared to traditional steel or
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metal pipes. The aforementioned advantages include coil-
ability, light weight, flexibility, high ductility, weldability,
and reduced installation costs. Polyethylene material is
resistant to corrosion, abrasion, and impact. The afore-
mentioned advantages provide both performance and eco-
nomic benefits that in turn lead to the popularity of
polyethylene pipes in ploughing-in and trenchless technol-
ogy applications.

In the recent 60 years, several advancements occurred in
polyethylene production technology. This has led to differ-
ent products including PE80, PE80B, PE80C, and PE100
materials that are currently used across the world. Specifi-
cally, PE80B and PE80C pipe materials are recognized as
offering excellent long-term performance as pressure pipes.
Medium density PE80B and high density PE100 materials
and hosting by Elsevier B.V. on behalf of Owner.
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Nomenclature

A difference between maximum and minimum
temperatures for the time period in question (�C)

C design coefficient
Di inner pipe diameter (mm)
Do outer pipe diameter (mm)
E0 embedment soil modulus (MPa)
Ep pipe elastic modulus (MPa)
h pipe thickness (mm)
Kb bedding factor
l pipe length in the model (mm)
Ld deflection lag factor
FMRS maximum reduced strength (MPa)
pi pipe inside pressure (MPa)
PT total load above the pipe (MPa)
DSDR standard dimension ratio (DSDR = D

h)
t time (s)
to time for duration of a complete cycle (s)

T(y, t) induced temperature in the soil (�C)
T average temperature for the time period in ques-

tion (�C)
W combined weight of first two axels (N)
y depth of the pipe (cm or mm))
a thermal diffusivity of the soil (cm2/sec) at pene-

tration depth
at pipe coefficient of thermal expansion 1/�C
DT temperature change (�C)
Dx pipe horizontal deflection (mm)
t Poisson’s ratio
r normal stress in the pipe (MPa)
re Von Mises stress (MPa)
rhh tangential stress in the pipe (MPa)
rrr radial stress in the pipe (MPa)
rzz longitudinal stress in the pipe (MPa)
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find immense utility in ploughing-in applications due to
their flexibility and ease of coiling.

In summary, for a buried pipe, a supporting envelop is
constructed by the surrounding soil with firm and stable
materials. The envelop is often referred to as the ‘‘embed-
ment”. The amount of support by the embedment is
directly proportional to its stiffness. Hence, often the
embedment material is compacted (The Plastic Pipe
Institute, 2006b, chap. 7). The stiffness of the materials
placed above the pipe may also affect the pipe’s perfor-
mance. A significant load reduction on the pipe may
occur due to the arching effect in the soil. This results
in a complex stress distribution in the soil above and
around the pipe. An increase in the stiffness of the back-
fill above the pipe increases the amount of arching that
occurs.

The use of any pipe in conjunction with its mechanical
properties and geometric design requires strict attention
to minimize the stress level caused by the applied loads
(The Plastic Pipe Institute, 2006b, chap. 7; Watkins &
Anderson, 2000). The required information to investigate
polyethylene pipes and fittings can be obtained via stress
and strain analysis. The applied loads on a buried gas pipe
must include daily and/or seasonal temperature changes,
weight of the soil above the pipe, surcharge loads, inside
pipe pressure, and stress concentration due to any local dis-
continuity or any external attachment to the pipe
(Shishesaz, 2003, 2008). The resulting stress produced in
a buried pipe due to the applied loads was first determined
by Marston. Subsequently, Spangler used linear elasticity
in conjunction with experimental studies to propose the
Iowa formula. The formula predicts flexible buried pipe
deflection under applied loads (Moser & Folkman, 2008,
chap. 7). Watkins and Anderson (2000) developed a more
advanced formula to calculate the elastic modulus of the
soil around a buried pipe that yields better results when
compared to Sprangler’s formula.

With respect to a better estimation of the behavior of PE
pipes under the applied loads, several authors (Goddard,
1994; Kolonko & Madryas, 1996) attempted to investigate
the soil–pipe interaction effect of sewerage plastic pipes.
The performance of elevated temperature on the buried
high density polyethylene (HDPE) pipes was also investi-
gated by Alawaji (2008). In his study, the effect of temper-
ature on deformation characteristics and performance of
HDPE was investigated. The testing program was com-
posed of a ring pipe submerged in heated water at various
temperatures. Popelar (1986) investigated the mechanical
and creep properties of polyethylene gas pipe materials,
namely PE23061X and PE3408IV. In the study, stress stain
diagrams were obtained under different conditions. Teoh
and Ong (1995) also investigated the pressure rupture in
HDPE pipes.

In structural design process, it is necessary to properly
design structures such that they perform safely during their
life time expectancy. Thus, it is necessary for designers to
possess a fundamental understanding of the behavior and
failure of the material that is used (Budarapu &
Rabczuk, 2017; Rabczuk, 2013; Rabczuk & Belytschko,
2006; Rabczuk & Eibl, 2006; Talebi, Silani, & Bordas,
2014; Talebi, Silani, & Rabczuk, 2015). Due to several rea-
sons, polyethylene gas pipes can be damaged during long
term use. This can result in the leakage of gas that must
be prevented in the shortest possible time with minimum
repair cost. Thus, different repair methods were developed
and include patch repair (or saddle fusion) of the injured
portion.

The method of electrofusion for joining two PE pipes
was discussed by Mehrabi and Bowman (1997) while
Green et al. (2006), Harris (2007) and Willie et al. (2006)
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focus on the design tools and repairing methods applied to
defective polyethylene gas pipes.

In the study conducted by Green et al. (2006) a remote
external tool was developed to repair a defective PE gas
pipe by using a polyethylene patch without introducing
any interruption in gas flow inside the pipe. Harris
(2007), examined the development of a patch composed
of a solvent swollen polyethylene film that could be
applied to a live natural gas line. The patch was applied
under elevated temperature conditions allowing for a
modified solvent weld and effectively repairing the pipe
line in a quarter of the time required for repairing pro-
cess. Experimental studies performed by Chua (1986)
included the time dependence interaction of the soil and
flexible pipes. Popelar, Popelar, and Kenner (1990) per-
formed a comprehensive study to determine the mechani-
cal behavior and properties of medium density
polyethylene (MDPE) and HDPE that are commonly
used in the gas pipe industry.

A heat fused MDPE or HDPE gas pipe is corrosion and
chemical resistant and the pipe itself provides a mainte-
nance free system with the exception of infrequent third
party or any other type of damages. With respect to a dam-
aged PE pipe, repair methods may be used to bring the pipe
back into service as soon as possible or even repair the pipe
without any interruption in gas flow. A principal method to
achieve the goal involves the use of a saddle or a patch on
the damaged portion of the pipe. This in turn introduces a
local discontinuity in the gas line and may impose addi-
tional unwanted stress on the pipe.

Due to the complexity of the model, buried pipe simula-
tions are computationally expensive and involve several
minutes to hours of CPU usage. Improvements in the accu-
racy of the results without increasing the computational
costs is of immense concern. Generally, the uncertainty in
the model outputs increases as the models become increas-
ingly complex. This is due to the randomness in the input
parameters (Vu-Bac, Lahmer, & Zhuang, 2016). Therefore,
uncertainties that could arise in the input parameters, such
as internal pressure, temperature changes, surcharge load,
soil column weight, defect geometry, and pipe and patch
mechanical properties, should be carefully considered to
determine the change in the model output (maximum von
Mises stress) due to variation in the aforementioned inputs.
Uncertainty and sensitivity analysis are very important for
the aforementioned purposes (Hamdia, Silani, & Zhuang,
2017; Vu-Bac et al., 2016).

To the best of authors’ knowledge, all previous studies
that used finite element analysis (FEA) to investigate the
soil-pipe interaction of the buried PE pipes did not focus
on the effect of a local patch repair on stress distribution
in overall behavior of the defective pipe. Thus, the purpose
of the study is to investigate the effect of patch size and
shapes and a saddle fusion repair on stress distribution that
arises around the defective portion of the pipe. This can
lead to a safe and solid field repair (when applicable) with-
out any interruption in gas flow through the pipe.
2 Basic design theory

The design of underground gas pipes is based on the
principle of soil–pipe interaction. Thus, the pipe and its
surrounding soil act collectively to control the pipe perfor-
mance. In the study, in order to incorporate the interaction
and determine the effect a saddle fusion repair (or a patch
fusion repair) on resulting stresses, the following thermal
and mechanical loads (explained in Sections 2.1–2.3) are
recognized and applied to the buried gas pipe for selected
patch arrangements, namely, saddle, semi cylindrical, par-
tial square, and circular patches.

2.1 Temperature variation in the soil

Temperature variations in the soil (and thus in the pipe)
might occur during a day or any seasonal changes may
occur annually. Information on ground temperature is nec-
essary to calculate the thermal stresses developed in the
buried pipe. In the present study, the selected area was
assumed as city of Ahvaz (south-west of Iran) in which
the average ground or asphalt temperature in summer var-
ies from 30 �C in the morning to approximately 67 �C in
the early afternoon (Tabatabaii and Ameri, 1999). Simi-
larly, on a cold winter day, the variation ranges from 0 �
C in the morning to approximately 28 �C in the afternoon.
Thus, at any depth, the ground temperature may be calcu-
lated based on Eq. (1) as follows:
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where T(y, t) denotes the induced temperature in the soil, y
denotes the depth in question (cm), t denotes the time (s),

T
�
denotes the average climate temperature for the time per-

iod and location of interest, A denotes the difference
between maximum and minimum temperatures for the time
period and location of interest, a denotes the thermal diffu-
sivity of the soil (cm2/s) at the penetration depth and to
denotes the time for a complete temperature cycle.
Although the results in the study are obtained for city of
Ahvaz, they can be applied to any other location with sim-
ilar seasonal changes in climate annually.

Based on TR-21/2001 (The Plastic Pipe Institute, 2001),
in the absence of any other effects, the thermal stresses
induced in PE pipes are calculated based on Eq. (2) as
follows:

r ¼ Ep � atDT ; ð2Þ
where Ep denotes the pipe elastic modulus, at denotes the
pipe coefficient of thermal expansion 1/�C, and DT is the
pipe’s temperature change within any specific period.

According to Eq. (1), on a hot summer day in city of
Ahvaz, at a depth of approximately 120 cm, the soil
temperature remains constant and equal to approximately
35 �C. However, on a cold winter day, at the same depth,



Table 1
MRS values of PE80B and PE100 for a life period of 50 years (Shishesaz,
2008).

PE80B
(MPa)

PE100
(MPa)

Working period
(years)

Working temperature
(�C)

8.0 10.0 50 20
7.5 9.4 50 25
7.0 8.7 50 30
6.4 8.0 50 35
6.0 7.3 50 40
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the equation predicts a constant ground temperature of 13
�C on a daily basis. Thus, on an annual basis, a buried
patched pipe at a depth of 125 cm experiences a seasonal
cyclic temperature change of 22 �C (Shishesaz, 2008).

2.2 Soil column weight above the pipe

The calculation of the dead load that is the permanent
load from the weight of the soil as well as that of the pave-
ment is extremely important in buried pipe design. In poly-
ethylene pipe design, it is assumed that the overburden load
applied to the pipe crown is equal to the weight of the soil
column projected above the pipe. However, the actual load
applied to a buried polyethylene gas pipe may indeed be
significantly lower than that of the aforementioned load
since the shear resistance transfers part of the soil load to
the trench sidewalls and embedment. Theoretical
approaches for calculating soil column weight load on
the buried pipe crown are well described by Chevron
Philips Chemical Company (2003, chap. 7).

2.3 Surcharge load in terms of traffic load on the pipe.

The pressure on the pipe due to a surface vehicular live
load (mainly wheel loads from trucks and trains) depends
on vehicle weight, tire pressure and size, vehicle speed,
and several other factors. The most common loading used
in design is the H20 highway loading. The wheel loading
for H20 trucks is calculated based on the American Asso-
ciation of State Highway and Transportation Officials
(AASHTO) standards. Wheel loading may be treated to
act as a distributed or a concentrated load on the pave-
ment. Shishesaz (2008) and Chevron Philips Chemical
Company (2003, chap. 7) describe theoretical approaches
for calculating vehicular live load on buried pipes.

In addition to the loads described in Sections 2.1–2.3,
the inside gas pressure results in significant stresses in the
pipe wall material. In the study, the operating inside pres-
sure is assumed as equal to 4 bar. This is the working pres-
sure in the metropolitan gas line in Iran. Additionally, it is
possible to postulate the presence of stress concentration in
the pipe due to a local discontinuity (or external attach-
ments) that may arise from a major repair in the form of
a saddle or patch fusion.

3 Gas pipe load calculations and models

3.1 Designing polyethylene gas pipes to withstand loads

The induced stresses in polyethylene gas pipes are due to
a combination of internal and external loads. The most
common internal force originate from the gas pressure.
Conversely, in buried gas pipes, the most common external
loads are the earth and surcharge loads and the thermal
and soil–pipe interactions.

There are a few methods to calculate PE pipe stresses.
Essentially, polyethylene pipes are viscoelastic in nature.
Thus, as the first method, the effect is included in the mod-
eling process in any stress calculation. Another method
that is vastly used by several designers involves treating
PE as a linear elastic material and comparing the resulting
stresses with the minimum required strength (MRS) that
account for the reduction in strength of polyethylene due
to its viscoelastic nature in time (at any specific tempera-
ture). Table 1 shows the MRS values of PE100 and
PE80B for a life expectancy of 50 years.

Based on ISO Standard 12162 (2004), or EN 1555-1
(1996), with respect to thermoplastic pipe materials, the
design stress (or maximum allowable stress that can be
applied to the pipe) at 20 �C and 50 years of life expectancy
is as follows:

rs ¼ FMRS

C
; ð3Þ

Here, rs denotes the design stress, FMRS corresponds to the
minimum required strength, and C denotes the design coef-
ficient (at least 1.25 for all PE types). Based on the latter
standard that is widely used by Iranian gas companies,
the maximum operating pressure (Pmax) is calculated as
follows:

Pmax ¼ 20� FMRS

C DSDR � 1ð Þ ; ð4Þ

In Eq. (4), DSDR denotes the standard dimension ratio.
This is the ratio of the outside diameter to the wall thick-
ness of the pipe. In addition to any numerical solution, a
method to calculate the plastic pipe deflection denotes the
use of Sprangler’s Modified Iowa Formula (Chevron
Philips Chemical Company, 2003, chap. 7) that is expressed
as follows:
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Here, Dx denotes the horizontal deflection of the pipe, Kb

denotes the bedding factor (typically, 0.1), Ld denotes the
deflection lag factor, Ep denotes the pipe diameter, E0

denotes the embedment soil modulus, and Di denotes the
inner diameter of the pipe. Evidently, in the aforemen-
tioned pipes, the percent deflection is as follows:

Deflection ¼ Dx
Di

� 100% ð6Þ
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Based on Chevron Philips Chemical Company (2003,
chap. 7), in order the results to be valid based on the elastic
assumption for the pipe material, the maximum allowable
percent deflection for the flexible pipes with DSDR = 11 is
63%.

As shown in Fig. 1, for unburied large cylindrical pipes
with a small circular hole, the maximum hoop, radial, and
longitudinal stresses are expressed as follows (Khademi-
Zahedi, 2011):

rhhð Þ ¼ P i 4k
2 þ 2� 2t

� �
k2 � 1
� � ð7Þ

rrr ¼ �P i ; rzz ¼ 2tP i

k2 � 1
� � ð8Þ

In Eqs. (7) and (8), k = Do/Di (where Di and Do denote
the inner and outer pipe diameters, respectively), t denotes
the Poisson’s ratio (t = 0.35 for MDPE), and Pi denotes
the inside pipe pressure. Thus, using von Mises stress re

as the maximum allowable stress before pipe failure, the
following expression is obtained with respect to MDPE
pipes (Khademi Zahedi et al., 2018):

re ¼
P i 21k

4 þ 3:6k2 þ 0:27
� 	1=2

k2 � 1
� � ð9Þ

Due to the complex nature of the repaired pipe geome-
try and soil-pipe interaction, it is customary to use finite
element method (FEM) to solve for the stress distribution
within the pipe and its attachments. Several authors
(Areias & Rabczuk, 2013; Chau-Dinh, Zi, & Lee, 2012;
Nguyen-Thanh, Kiendl, & Nguyen-Xuan, 2011; Rabczuk,
Areias, & Belytschko, 2007; Rabczuk, Zi, & Bordas,
2010) used numerical and other alternative methods
Fig. 1. (a) Cylinder or large size pipe under internal pressure; (b) hoop and ax
(Amiri, Anitescu, & Arroyo, 2014; Amiri, Milan, & Shen,
2014; Areias, Rabczuk & Msekh, 2016; Nguyen-Thanh
et al., 2015; Khademi Zahedi et al., 2018) to solve for stress
distribution in shell structures. Additionally, damage and
fracture algorithms for the computer implementation of
fracture using different discretization and meshing tech-
niques were presented in Amiri, Anitescu, et al. (2014),
Amiri, Milan, et al. (2014), Areias, Rabczuk, and Dias-
Da-Costa (2013), Areias, Rabczuk, and Camanho (2014),
Areias, Msekh, et al. (2016), Areias, Rabczuk, et al.
(2016), Areias and Rabczuk (2017), Budarapu, Gracie,
and Bordas (2014), Budarapu, Gracie, and Yang (2014),
Rabczuk, Bordas, et al. (2010), and Rabczuk, Gracie,
et al. (2010). Furthermore, contributions on isogeometric
analysis to analyze shell structures can be found in
Ghasemi et al. (2017), Ghorashi et al. (2015), Nguyen-
Thanh, Zhou, and Zhuang (2017), Vu-Bc et al. (2018).
3.2 Buried pipe model

In order to investigate the stress distribution in a pres-
surized PE gas pipe, a pipe with an outer diameter of
114.3 mm was selected with DSDR = 11.5. Based on the
selected pipe diameter, the thickness was calculated based
on the DSDR value. The damaged buried pipe was then
modeled based on various patch shapes as shown in Fig. 2.

The trench dimensions and pipe surrounding were
selected based on Fig. 3(a). As mentioned previously in
Section 2.3, the most common traffic load used in pipe
design is the H20 highway loading. Based on AASHTO
standards, the wheel loading for H20 trucks is calculated
based on Fig. 3(b). Furthermore, the pipe itself is sur-
rounded by different layers of soil in which the properties
of each layer are listed in Table 2. As stated previously,
ial stress distribution on a portion of the cylinder or pipe in the x–y plane.



(a) Saddle fusion                                                        (b) semi-cylindrical patch     

    (c) circular partial patch                                                      (d) Square partial patch

Fig. 2. Various shapes of patches used to repair the damaged pipe in in finite element models.

                     

Fig. 3. (a) Trench dimensions and pipe surrounding in mm (for description of soil layers ① to ⑤ see Table 2); (b) traffic loading [3].
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polyethylene material undergoes creep in the long term,
and thus it is customary in design to use a reduced strength
based on a 50 years life time and treat the material as linear
elastic in calculations (Chevron Philips Chemical
Company, 2003, chap. 7; Khademi Zahedi et al., 2018;
The Plastic Pipe Institute, 2006a, chap. 6). The magnitude



Table 2
Properties of each soil level around and above the pipe (see Fig. 3(a)).

Layer No. Type of the soil Modulus of elasticity (MPa) Density (kg/m3) Poisson’s ratio

1 Asphalt 173.0 2 200 0.35
2 GW soil with 90% Proctor density 6.9 1 700 0.20
3 SM soil with 90% Proctor density 6.9 1 900 0.35
4 GW soil with 95% Proctor density 15.0 2 000 0.35
5 GW soil with 85% Proctor density 4.8 1 600 0.20
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of the traffic load due to H20 truck loading was selected as
544 780 Pa. This accounted for any dynamic load exerted
on the pipe by the wheels. Additionally, as stated previ-
ously, the inside pipe pressure was assumed as equal to 4
bar (405 300 Pa). This is the actual pressure that used in
domestic gas pipelines in the metropolitan area of Iran.
3.3 Finite element model of the patch repaired gas pipe

Soil grades around the pipe’s circumference were
selected based on ASTM standards. With reference to
Eq. (1) based on Fig. 3(b), a burial depth of 125 cm was
selected for the pipe. At this depth, on a daily basis, any cli-
mate changes at the ground level do not appear to affect the
pipe temperature (Shishesaz, 2008). The pipe was assumed
as buried in a trench with a width of 414 mm while sur-
rounded by a layer of fine gravel. The ground surface
was assumed as covered by a thick layer of asphalt. The
effect of traffic load in terms of distributed or concentrated
loads on the pipe was also included. The ANSYS V12 finite
element code was used for modeling and analysis of the
pipe and its surrounding. The element used to model the
pipe, patch, and the surrounding medium was solid95. This
is a twenty-node element designed for structural purposes
in which each node exhibits three degrees of freedom (three
translations in x, y, and z directions). The soil–pipe interac-
tion was also incorporated in the model by using face to
face contact elements (contacta 172 and target 170). The
length of the patch (Figs. 2(a), (b), and (d)) or its diameter
(Fig. 2(c)) was assumed as 76 mm. Fig. 4(a) shows the FE
model of a half of the pipe in its surrounding medium. A
Fig. 4. (a) Finite element model of the patched pipe with surrounding soil; (b
magnified view of the pressurized pipe (with a patch on
its defective area) is shown in Fig. 4(b). The pipe material
was selected from PE80 while PE100 was used for the
patch. Furthermore, the effect of the traffic load, soil
weight, temperature change of the pipe, inside pressure,
and the presence of patch on the defective area were all
included to investigate their overall effect on stress distribu-
tion in the repaired PE pipe. A fine mesh was applied to
regions near the defective area while it was allowed
to become coarser in areas far from the defect. In order
to obtain accurate results, the postulated model was
executed based on different mesh conditions (and element
numbers) until adequate convergence was reached.
3.4 Methodology to globalize the study

In the study, the applicability of HDPE patch for repair-
ing the defective buried MDPE gas pipe was investigated.
Any variation in the soil temperature is necessary to calcu-
late thermal stresses in the buried pipes, and thus Eq. (1)
was used to determine any seasonal changes that may occur
in the soil at any depth in question. Based on Eq. (1), on a
daily basis, at different depths at approximately 125 cm, the
ground temperature is nearly constant (Shishesaz, 2008).
This implies that increases in the pipe installation depth
to any logical value causes the pipe (or repaired pipe and
its surrounding medium) to become insensitive to any
changes in temperature during the daytime at ground level.
Additionally, polyethylene possesses a high value of the
coefficient of thermal expansion when compared to metals,
and thus any temperature decrease in the pipe exhibits a
) pressurized pipe with an elliptical defect (surrounding soil is removed).
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direct and a meaningful effect on thermal stresses devel-
oped in the pipe. Thus, the aforementioned results can also
be applied to other regions with similar or smaller changes
in climate temperature (annually) provided that other fac-
tors do not exceed the values used in the study.
4 Results and discussions

In order to verify the applicability of finite element
method (FEM) for solution of such problems, the unburied
pipe was modeled and loaded to a final pressure of 405 300
Pa (4 bar) while subjected to holes of various sizes as listed
in Table 3. The value of k was selected as equal to 1.21. The
values of hoop and von Mises stresses obtained through
finite element analysis and those in Eqs. (7) and (9) are
reported in the table. As shown in the table, the percentage
differences between finite element results and those
obtained through Eqs. (7) and (9) are low. The aforemen-
tioned differences appear as a function of hole size and pipe
diameter. Additionally, the applicability of FEM for stress
distribution in buried PE pipes was verified in (Shishesaz,
2008).

In order to further investigate the effect of inside pres-
sure and temperature change, traffic load, and the soil
weight on the buried pipe with respect to stress concentra-
tion stemming from the patch, the finite element model of
the repaired pipe and its surrounding area at a depth of
125 cm was considered. This is shown in Fig. 3(a). The traf-
fic load imposed on the pavement was calculated based on
Fig. 3(b). The hole in the pipe was assumed as repaired by
four different types of patches as shown in Fig. 2. It was
assumed that the pipe undergoes a maximum temperature
decrease of 22 �C (due to a seasonal change in tempera-
ture). As stated previously, this is a typical seasonal tem-
perature change in the soil at a depth of 125 cm in the
city of Ahvaz that is located in a hot climate zone.

Based on finite element findings, the maximum horizon-
tal deflection in the pipe for all selected circular defect sizes
Table 3
Comparison of hoop and von Mises stresses obtained through FE solution an

Hole
diameter (mm)

Model length l (m)
(see Fig. 4(a))

No. of elements
in FE model

Maximum hoop s
(MPa)

FEM Eq. (

5 0.5 10 395 5.82 6.25
13 346 5.82 6.25

1.5 14 715 5.82 6.25
30 517 5.81 6.25

7.5 0.5 10 395 6.01 6.25
13 346 6.02 6.25

1.5 14 715 6.02 6.25
30 517 6.03 6.25

10 0.5 10 395 6.44 6.25
12 399 6.43 6.25

1.5 16 394 6.42 6.25
32 400 6.43 6.25
of 5, 7.5, 10, 12.5, 15, 17.5, and 20 mm (in diameter) was
equal to 0.47 mm. The pipe diameters were considered as
101.6 mm (4 in.). Based on Eq. (6), this yields a percent
deflection of 0.46% that is significantly below the 3% limit.

Figure 5 shows the variations in the maximum vonMises
stress in the buried pipe for various size circular defects
(holes). The strength of the pipe based on a 50 years working
life is also superimposed. The reduced strength is used due to
the viscoelastic behavior of polyethylene that occurs over
the years of service. Based on the figure, the maximum von
Mises stress that occurs in the unpatched defective pipe is
significantly above the strength limit of the pipe at 35 �C
for a working period of 50 years. With respect to the saddle
fusion repaired pipe, in presence of all mechanical and ther-
mal loads as previously expressed, the maximum von Mises
stress decreases to a safe value such that the pipe withstands
the inside pressure of 4 bar (405 300 Pa).

Figure 6 shows a similar behavior for a HDPE saddle
fusion patch at various circular defect sizes and tempera-
ture changes. It is observed that the maximum von Mises
stress based on a temperature decrease of 22 �C is signifi-
cantly below the admissible stress for a life expectancy of
50 years. Based on the figure, increases in the defect diam-
eter leads to a gradual increase in the peak von Mises stress
in the patch.

Figures 7 and 8 show the effect of various patch shapes
on Maximum von Mises stress for a seasonal temperature
decrease of 22 �C in presence of other mechanical loads.
Based on Fig. 7, the use of semi-circular and saddle fusion
patches reduce the peak von Mises stress in the pipe by
almost the same amount. However, based on Fig. 8, the
minimum peak von Mises stress in the patch corresponds
to the saddle fusion repair arrangement. Thus, with respect
to the stress viewpoint, a saddle fusion patch appears safer
for the repair of circular defects in buried pipes.

The effect of elliptical shaped holes with the major diam-
eter located along length of the pipe is shown in Figs. 9 and
10. The ratio of a smaller to larger hole diameter, a/b, was
d those from Eqs. (7) and (9) due to an inside pressure only.

tress Difference (%) Maximum von Mises stress
(MPa)

Difference (%)

7) FEM Eq. (9)

6.9 5.70 6.02 5.32
6.9 5.71 6.02 5.15
6.9 5.70 6.02 5.32
7.0 5.72 6.02 4.98

3.8 6.10 6.02 1.33
3.7 6.11 6.02 1.49
3.7 6.11 6.02 1.49
3.5 6.13 6.02 1.83

3.0 6.46 6.02 7.31
2.9 6.47 6.02 7.47
2.7 6.45 6.02 7.14
2.9 6.47 6.02 7.47



Fig. 5. Maximum von Mises stress in the buried pipe for various size
circular hole defects.

Fig. 6. Maximum von Mises stress in the saddle fusion patch for various
size circular hole defects.

Fig. 7. Maximum von Mises stress in the pipe versus defect size (diameter)
for various patch shapes, based on a seasonal temperature drop of 22 �C
and other mechanical loads.

Fig. 8. Maximum von Mises stress in the patch versus defect size
(diameter) for various patch shapes based on a seasonal temperature drop
of 22 �C and other mechanical loads.

Fig. 9. Maximum vonMises stress in the pipe as a function of a/b ratio for
saddle fusion patch.

Fig. 10. Maximum von Mises stress in the patch as a function of a/b ratio
for saddle fusion patch.

56 R. Khademi-Zahedi, M. Shishesaz /Underground Space 4 (2019) 48–58



R. Khademi-Zahedi, M. Shishesaz /Underground Space 4 (2019) 48–58 57
allowed to approach a low value to simulate almost a
longitudinal crack along the pipe length (see Fig. 4(b)).
Figure 9 shows the peak von Mises stress developed in the
pipe as function of a/b ratio for various patch shapes at a
temperature decrease of 22 �C. In Fig. 10, similar results
are plotted in the patch. In both the figures, the inside pres-
sure is assumed as 4 bar, and the pipe was buried at a depth
of 125 cm while subjected to the H20 loading condition.
Based on Fig. 9, in a saddle fusion repair, when the defect
shape approaches that of a crack, the peak von Mises stress
in the pipe almost doubles and exceeds the allowable stress
for a working life of 50 years. With respect to higher values
of a/b, the stress level in the patch repaired pipe is signifi-
cantly below its limiting value for the indicated 50 years life
expectancy. Additionally, based on Fig. 10, in presence of all
mechanical and thermal loads, for all ratios of a/b, the peak
von Mises stress in the patch is significantly below its the
allowable strength value for 50 years life time.

5 Conclusions

In the study, the finite element method is used to survey
the effect of patch repair on stress distribution in a buried
PE gas pipe at a depth of 125 cm. The postulated model is
subjected to surcharge load, temperature change, soil col-
umnweight, and soil-pipe interaction, and an inside pressure
of 4 bar. Four types of patch arrangements are selected to
repair the damaged pipe and include circular, square, semi
cylindrical, and saddle shaped patches. Based on the results,
the semi-circular and saddle fusion patches reduce the peak
von Mises stress in the pipe by almost the same amount.
However, the peak von Mises stress in the patches appears
as the least for the saddle fusion repair arrangement. Thus,
under the proposed loading conditions, it is advisable to
use this type of repair for defected gas pipes. Furthermore,
with respect to elliptical defects with major axis along the
pipe length, for a/b ratios exceeding 0.32, the peak vonMises
stress in the pipe remains below its allowable stress value for
a working life of fifty year. With respect to all selected values
of a

b(0:2 6 a
b 6 1:0), the stress level in the patch appears sig-

nificantly below its limiting value for the aforementioned life
expectancy. With respect to elliptical defects repaired by a
saddle fusion patch arrangement, the minimum value of
peak von Mises stress in the patch appears to occur at
a
b ’ 0:6. Additionally, polyethylene exhibits a high value of

coefficient of thermal expansion when compared to metals,
and thus temperature decrease in the pipe exhibits a direct
and significant effect on thermal stresses produced in the
pipe. Thus, the aforementioned results can also be applied
to other regions with lower changes in seasonal climate
temperatures.
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