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Pipes are generally used in the variety of industries such as water purification, automobiles and air ven-
tilation and so on which is commonly made from various materials like stainless steel, plastic and iron.
Recently, plastic and copper pipes were widely used in the water industries due to their higher corrosive
resistivity and durability. However, the mechanical defects are the major problem in the usage of the
plastic pipes. The plastic pipe wall thickness and stress distribution are key components for the plastic
deformation in the pipe. Among them, the residual hoop stress is the mainly affects the life time of
the pipe. The present study investigates the effect of the inner and outer wall thickness on the pipe
defects is explored by finite element analysis. As a result of observation, a discontinuity of stress is
observed at the PK/PE interface of the double-multiple pipe due to the void value, and it is judged that
the PK pipe has superior tensile strength due to its high mechanical strength and excellent physical prop-
erties such as yield stress and stiffness compared to PE pipe. It is judged that the conditions in the real
environment can be analyzed by verifying the peeling phenomenon due to thermal fatigue due to differ-
ent coefficients of thermal expansion between the heterogeneous resins and observing the peeling phe-
nomenon due to local stress concentration due to the thickness non-uniformity of the bonding interface
of the heterogeneous resins. The simulation and experimental results confirmed PK pipe has superior ten-
sile strength due to its high mechanical strength and excellent physical properties such as yield stress and
stiffness compared to PE pipe.
Capsule: This work investigates the residual stress distribution in the polyethylene and polyketone
double layer pipe.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. 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 et al, 2017; Yen and Shou, 2015; Hachem and Schleiss, 2011).

The various materials such as aluminium, steel, iron, polyvinyl

The usage of the pipes has been greatly increased in the indus-
tries process such as marine, automobiles, aviation, air condition-
ing, and water purification industry (Wang et al., 2019; Wagner
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chloride and copper pipes are being used in many industries
(Yang and Lee, 2020). Among them the polyvinyl chloride material
based pipes are mainly being used in various industry and cultiva-
tion process due to its low cost, light weight and high corrosive
resistivity (Kajikawa et al,, 2018; Karakouzian et al., 2019). In
recent years, the many shapes of the pipe like long tube, bending
tubes and long type elbow have been developed based on their
application purpose . However, the poor tensile nature of the poly-
mer pipe can easily damage and failure happens with the external
loads (Poduska et al., 2014; Gupta et al., 2009). Li et al. reported
that the maximum deformation or damage occurs at the bending
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region (Li et al., 2017). Although the sustainable load of the fluid
can make thermal expansions which leads to the sudden displace-
ment, excess stresses in the pipe wall. Hence, the optimization and
analysis of the limit of the fluid load, pressure, stress and strain dis-
tribution in the pipe wall is highly desirable in order to enhance
the pipe durability (Christo Michael et al., 2012; Shi et al., 2013).

Till now, numerous experimental and theoretical simulation
studies were carried out to minimize the pipe defects for the pipe
bending whereas the ratcheting behaviours of the straight pipe
lines are quite limited (Vishnuvardhan et al., 2013; Rezaei et al.,
2015; Kodikara et al., 2017). Recently, Williams et al. investigates
the stress distribution on the polyethylene pipe materials and sta-
ted that the axial and hoop stresses are present in the out layer of
the pipe whereas the tensile stresses are present in inner wall of
the pipe (Xu et al., 2017; Williams et al.,, 1981; Areias et al.,
2014; Areias et al., 2014; Areias et al., 2016; Areias and Rabczuk,
2017). The plastic pipe wall thickness and stress distribution are
key components for the plastic deformation in the pipe (Chen
and Chen, 2016; Wu et al., 2014). Among them, the residual hoop
stress is the mainly affects the life time of the pipe (Wang, 2017).
The present study investigates the effect of the inner and outer
wall thickness on the pipe defects is explored by finite element
analysis (Zhang et al., 2018; Vazouras et al., 2010). In addition,
the residual hoop stress and strain in the tube, wall thickness
change and the radial displacement of the pipe were also investi-
gated. This paper mainly, focused on the optimization of the resid-
ual stresses distribution in the polyethylene and polyketone in the
pipe wall. In addition, the basic parameters such as displacement,
radial stress were optimized. Furthermore, the effect of the poly-
mer materials on the crack growth were also investigated.

2. Product specification
2.1. Geometry and material characteristics

The double layer straight pipe specimen shown in Fig. 1. The
double layer straight pipe specimen used for finite element analy-
sis. The outer layer pipe was composed by polyethylene with 7 mm
wall thickness whereas the inner layer pipe was made of polyke-
tone with 3 mm wall thickness and both pipes are inserted with
zero gap resulting the overall thickness and diameter of the double
layer specimen 10 mm and 110 mm respectively. In this experi-
ment, the radial stress in the pipe at constant internal pressure
can be expressed as the following equation, and the hoop stress
is expressed as in the following equation.

o, =—P

(1)

on =P(D — t)/2t )

PE
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2.2. Finite element analysis method

To find out the stress due to internal pressure, straight pipes
were used, and both ends were modelled as open types, and the
finite element analysis of PK/PE pipes was performed by GT-
STRUDL, a general-purpose program (Khademi-Zahedi, 2019;
Chen et al., 2013). Modelled to be the same as the actual specimen
dimensions as shown in Fig. 1 by applying the average of the mea-
sured thickness of each test specimen. The modulus of elasticity of
the finite element analysis model is 2.25 GPa obtained from the
tensile strength test, and the dimensions and mechanical proper-
ties applied to the finite element analysis model are the same as
the piping specifications in 1-1 2). Two types of internal pressure
conditions were considered, 1.0 MPa and 5 MPa, and two types of
actual PK test specimens were averaged and the average PK and PE
properties were applied. Radial stress and Hoop stress are mea-
sured along the thickness (10 mm) from the inside of the double
pipe under each internal pressure condition. The geometric shape
of the cylindrical shell element can be expressed using the node
coordinates of the neutral plane and a vector (thickness) perpen-
dicular to the neutral plane by separating the neutral plane from
the three-dimensional hexahedral finite element. It can be dis-
played using two coordinates of the lower point, and the coordi-
nates (x, y, z) of an arbitrary point inside the element are
obtained from the shape function N and the node coordinates.

3. Results & discussion

The radial stress and hoop stress were measured at constant
internal pressure and the obtained results are shown in Fig. 2. From
Fig. 2b it can be seen that at the internal pressure condition of
1.0 MPa, the radial stress is reduced as the distance from the force
applied point to the surface direction decreases, and the sudden
change in slope at the point of 3 mm is 100 pum when modelling
between PK and PE pipe. The dimensions of local inside wall thin-
ning of the PE/PK pipes were changed. Due to result in stress con-
centration and accumulation plastic strain, brought about the
structural discontinuity. In addition, in the case of hoop stress,
the tensile force of PK is about 8 MPa and PE is about 3 MPa.

As a consequences of the internal pressure of 1.0 MPa, the dis-
placement contour was observed in the PE/PK pipe and the
obtained results are shown in Fig. 3. In the internal pressure condi-
tion of 1.0 MPa, the displacement value for stress is proportional to
the radius as the radius r increases, and the radial displacement
value increases almost constant for PK and PE pipes.

In the internal pressure condition of 5.0 MPa, as shown in Fig. 4,
the radial stress decreases as the distance from the force applica-
tion point to the surface direction decreases. Therefore, in the case

¥
PK

Fig. 1. Details of PE and PK double layer pipe.
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Stress Contour of P;, = 1.0 MPa

Radial Stress, G,
* Max. o, = -2.480E-2MPa
* Min, g, = -8.982E-1MPa
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Fig. 2. Radial stress and hoop stress analysis of the PE and PK double layer pipe at internal pressure condition of 1.0 MPa.
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Fig. 3. Radial displacement of the PE and PK double layer pipe at internal pressure condition of 1.0 MPa.
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Fig. 4. Radial stress and hoop stress analysis of the PE and PK double layer pipe at internal pressure condition of 5.0 MPa.
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Displacement Contour of P;, = 5.0 MPa
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Fig. 5. Radial displacement of the PE and PK double layer pipe at internal pressure condition of 5.0 MPa.

of hoop stress, the tensile force of PK is about 43 MPa and PE is
about 17 MPa.

In addition, the displacement contour was observed at 5.0 MPa
internal pressure and shown in Fig. 5. Similarly the dimensions of
local inside wall thinning of the PE/PK pipes were changed at high
internal pressure. The displacement value for stress in the internal
pressure condition of 5.0 MPa is proportional to the radius as the

radius r increases, and the radial displacement value increases
almost constant for PK and PE pipes.

The roughness of the PE/PK pipe was analysed by microscope
and results are shown in Fig. 6. PK pipe has superior roughness
behavior than PE pipe, due to its high mechanical strength and
superior tensile strength.
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Fig. 6. Surface morphology and roughness profile of the PE and PK double layer pipe.
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Fig. 6 (continued)

4. Conclusions

The above experimental results show the results of finite ele-
ment analysis (FEM) according to Equations (1) and (2) for the
amount of change in radial and circumferential stress while
increasing the internal pressure under the conditions of 1 MPa
and 5 MPa. As a result of observation, a discontinuity of stress is
observed at the PK/PE interface of the double-multiple pipe due
to the void value, and it is judged that the PK pipe has superior ten-
sile strength due to its high mechanical strength and excellent
physical properties such as yield stress and stiffness compared to
PE pipe. Various wear environments are being further tested, and
it is determined that long-term use environment (installation loca-
tion, internal and external temperature/humidity) and service life
setting should be considered. It is judged that the conditions in
the real environment can be analyzed by verifying the peeling phe-
nomenon due to thermal fatigue due to different coefficients of
thermal expansion between the heterogeneous resins and observ-
ing the peeling phenomenon due to local stress concentration due
to the thickness non-uniformity of the bonding interface of the
heterogeneous resins.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgement

This research was funded by Kumoh National Institute of Tech-
nology and This research was also supported by the Ministry of
Trade, Industry & Energy (MOTIE), Korea Institute for Advancement
of Technology (KIAT) through the Encouragement Program for The
Industries of Economic Cooperation Region (P0002108). The
authors also extend their appreciation to the Researchers support-
ing project number (RSP-2021/247), King Saud University, Riyadh,
Saudi Arabia.

References

Areias, P., Rabczuk, T., 2017. Steiner-point free edge cutting of tetrahedral meshes
with applications in fracture. Finite Elem Anal Des 132, 27-41.

Areias, P., Msekh, M.A., Rabczuk, T., 2016. Damage and fracture algorithm using the
screened Poisson equation and local remeshing. Eng. Fract. Mech. 158, 116-143.

Areias, P., Rabczuk, T., Camanho, P.P., 2014. Finite strain fracture of 2D problems
with injected anisotropic softening elements. Theor. Appl. Fract. Mech. 72, 50-
63.

Chen, X., Chen, X.u., 2016. Study on ratcheting effect of pressurized straight pipe
with local wall thinning using finite element analysis. Int. J. Press. Vessel. 139-
140, 69-76.

Chen, X., Chen, X.u.,, Yu, D, Gao, B., 2013. Recent progresses in experimental
investigation and finite element analysis of ratcheting in pressurized piping. Int.
J. Press. Vessel 101, 113-142.

Gupta, S.K., Goyal, S., Bhasin, V., Vaze, KK, Ghosh, AK.,, Kushwaha, H.S. 2009.
Ratcheting-fatigue failure of pressurized elbows made of carbon steel.

Hachem, F.E., Schleiss, AJ., 2011. A review of wave celerity in frictionless and
axisymmetrical steel-lined pressure tunnels. J. Fluids Struct. 27 (2), 311-328.


http://refhub.elsevier.com/S1018-3647(21)00208-1/h0005
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0005
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0010
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0010
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0015
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0015
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0015
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0020
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0020
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0020
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0025
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0025
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0025
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0035
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0035

A.G. Ramu, S. Kim, H. Jeon et al.

Kajikawa, S., Wang, G., Kuboki, T., Watanabe, M., Tsuichiya, A., 2018. Prevention of
defects by optimizing mandrel position and shape in rotary draw bending of
copper tube with thin wall. Procedia Manuf. 15, 828-835.

Karakouzian, M., Karami, M., Nazari-Sharabian, M., Ahmad, S., 2019. Flow-induced
stresses and displacements in jointed concrete pipes installed by pipe jacking
method. Fluids 4 (1), 34.

Khademi-Zahedi, R., 2019. Application of the finite element method for evaluating
the stress distribution in buried damaged polyethylene gas pipes. Underground
Space 4 (1), 59-71.

Kodikara, J., Rathnayaka, S., Zhang, ]., Crawly, C., Zhang, D., Blaha, F. 2017. Lessons
Learned from Large-Diameter Pipe Failure Case Studies. Pipelines 2017 (pp.
561-571).

Li, S.-J., Zhou, C.-Y., Li, ], Pan, X.-M,, He, X.-H., 2017. Effect of bend angle on plastic
limit loads of pipe bends under different load conditions. Int. J. Mech. Sci. 131-
132, 572-585.

Christo Michael, T., Veerappan, A.R., Shanmugam, S., 2012. Effect of ovality and
variable wall thickness on collapse loads in pipe bends subjected to in-plane
bending closing moment. Eng. Fract. Mech. 79, 138-148.

Poduska, J., Kucera, J., Hutaf, P., Sevéik, M., Kfivanek, J., Sadilek, J., Nahlik, L., 2014.
Residual stress distribution in extruded polypropylene pipes. Polym. Test. 40,
88-98.

Rezaei, H., Ryan, B., Stoianov, L., 2015. Pipe failure analysis and impact of dynamic
hydraulic conditions in water supply networks. Procedia Eng. 119 (1), 253-262.

Shi, H., Chen, G., Wang, Y., Chen, X.u., 2013. Ratcheting behavior of pressurized
elbow pipe with local wall thinning. Int. J. Press. Vessel. 102-103, 14-23.

Vazouras, P., Karamanos, S.A., Dakoulas, P., 2010. Finite element analysis of buried
steel pipelines under strike-slip fault displacements. Soil Dyn. Earthq. Eng. 30
(11), 1361-1376.

Journal of King Saud University — Science 33 (2021) 101547

Vishnuvardhan, S., Raghava, G., Gandhi, P., Saravanan, M., Goyal, S., Arora, P., Gupta,
S.K., Bhasin, V., 2013. Ratcheting failure of pressurised straight pipes and elbows
under reversed bending. Int. J. Press. Vessel. 105-106, 79-89.

Wagner, H.N.R, Hiithne, C., Rohwer, K., Niemann, S., Wiedemann, M., 2017.
Stimulating the realistic worst case buckling scenario of axially compressed
unstiffened cylindrical composite shells. Compos. Struct. 160, 1095-1104.

Wang, H., Yu, Y., Yu, ], Xu, W,, Chen, H., Wang, Z., Han, M., 2019. Effect of pitting
defects on the buckling strength of thick-wall cylinder under axial compression.
Constr Build Mater. 224, 226-241.

Wang, S., 2017. Evaluation of underground pipe-structure interface for surface
impact load. Nucl. Eng. Des. 317, 59-68.

Williams, J.G., Hodgkinson, .M., Gray, A., 1981. The determination of residual
stresses in plastic pipe and their role in fracture. Polym. Eng. Sci. 21 (13), 822-
828.

Wu, G.-Y., Smith, D.J., Pavier, M.]., 2014. Effects of load and displacement controlled
bending on plastic collapse of pressurized pipes. Procedia mater. Sci. 3, 1204-
1209.

Xu, M., Shen, D., Rakitin, B., 2017. The longitudinal response of buried large-
diameter reinforced concrete pipeline with gasketed bell-and-spigot joints
subjected to traffic loading. Tunn. Undergr. Space Technol. 64, 117-132.

Yang, Y.J., Lee, C.M., 2020. A study on the optimization of joint mandrel shape for
manufacturing long type elbow using push bending process. Int. J. Precis. Eng.
Manuf,, 1-9

Yen, J., Shou, K., 2015. Numerical simulation for the estimation the jacking force of
pipe jacking. Tunn. Undergr. Space Technol. 49, 218-229.

Zhang, Y., Yan, Z.-G., Zhu, H.-H., Ju, JW., 2018. Experimental study on the structural
behaviors of jacking prestressed concrete cylinder pipe. Tunn. Undergr. Space
Technol. 73, 60-70.


http://refhub.elsevier.com/S1018-3647(21)00208-1/h0040
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0040
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0040
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0045
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0045
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0045
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0050
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0050
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0050
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0060
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0060
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0060
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0065
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0065
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0065
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0070
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0070
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0070
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0075
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0075
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0080
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0080
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0085
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0085
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0085
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0090
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0090
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0090
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0095
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0095
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0095
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0100
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0100
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0100
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0105
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0105
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0110
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0110
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0110
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0115
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0115
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0115
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0120
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0120
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0120
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0125
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0125
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0125
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0130
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0130
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0135
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0135
http://refhub.elsevier.com/S1018-3647(21)00208-1/h0135

	A study on the optimization of residual stress distribution in the polyethylene and polyketone double layer pipes
	1 Introduction
	2 Product specification
	2.1 Geometry and material characteristics
	2.2 Finite element analysis method

	3 Results & discussion
	4 Conclusions
	Declaration of Competing Interest
	Acknowledgement
	References


