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Abstract

This paper studies the mechanical behavior of high-density polyethylene (HDPE), from which
the pipes used for water transport in water supply networks are manufactured. The study was
generated by the practical problem of replacing and modernizing a water network of a city with
Y+ ««v v+ inhabitants. Of the numerous problems that have arisen and been solved by the group of
researchers, only those referring to the mechanical behavior of the materials used for pipes are
presented. HDPE, which is a thermoplastic material, is suitable for manufacturing the pipes used
in water supply networks, having many advantages. Data on the mechanical properties of the
material of which the pipe and elbow are made is obtained experimentally. The work involved
the main steps required to design a water network, but the subject is not exhausted. The stresses
in the polyethylene pipe are determined in two cases: buried in the ground and supported in a
concrete massif. Thus, by calculation, the advantage offered by the second solution is justified.
The crack of the pipes manufactured from HDPE is studied, taking into account the classical
model used in the cracking process. A simulation of pipes and elbows cracking was made.

1. Introduction

The importance of water supply networks is huge for humanity. For this reason, obtaining
simple but effective solutions for engineering practice, at an acceptable cost price, is an
important objective for the designer and justifies the theme studied in this paper.

The use of pipes is widespread in the transport of liquids, especially for that of oil and gas,
but also water needed by human communities. For example, for oil and gas transport alone, data
from Y+t indicate a total pipeline length of approximately Y<o««c«++« km built into Y-
countries of the world [].

The pipe, as the main element of a supply network strictly necessary for the transport of
water, was made, for more than two millennia, out of traditional materials that were common at
the time in those communities where they were used (stone, ceramics, wood, metals, non-metals,
etc.). Constructive variants of pipes, of different shapes and sizes and made of different
materials, have been used by many and various civilizations that have followed one another
throughout history, and countless artifacts can illustrate this development.

Water supply networks experienced great development, especially in the second half of the
twentieth century when science and technology allowed for the emergence and production of
plastics, which became the main materials of the pipes used in water supply networks. The most
suitable and current plastic material used to produce the pipes needed for water transport in
modern water-supply networks has been proven to be HDPE. The pipes and fittings obtained are
characterized by a long service life, low maintenance costs, and their remarkable special strength
and low weight. The HDPE pipes have many advantages in comparison to the classic ones used
so far. Listing some of them ([¥,Y]): they allow a long service life; they do not need cathodic
protection systems; there is no need for additional coating—internal or external—necessary for
anti-corrosive protection; maintenance costs are low; the quality of the inner surface, very
smooth, offers special hydraulic properties, which are maintained during the service; assembling
them is easy, saving time on assembly; insured sealing is very good when required under high
pressure; the pipe joints allow for angular deviations, thus making possible the changes of
direction, without the use of special fittings; the weight is reduced when compared with concrete
or metal pipes; the costs are reduced, thus ensuring a fast and cheap transport; large pipe lengths
can be achieved, which is why few connections are required and thus can be installed quickly;
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the materials used are thermally stable, resulting that their properties will not change during
temperature changes; the pipes that are marketed are odorless, tasteless, non-toxic and stable
under the action of chemical agents or meteorological factors; aging is, in the case of these pipes,
a very slow process; pipes made of polyethylene can be used in an assembly for a period of ©-
years, if the pressures and temperatures recommended by the manufacturer are observed in
service.

The behavior of HDPE material has been intensively studied in the last decades and, besides
the reference work in the field [£], in recent years there have been intense studies to improve this
material [,3,V]. In [A] it is studied how the type of fiber can improve the mechanical properties
of WPCs. It is observed that the addition of continuous fibers can increase the flexural, tensile
and impact strength of the material by up to AY,\7, £€V,Y¥/ and VY, ¢/, respectively. An analysis
of the damping ratio shows that the interfacial bonding of glass-yarn reinforced WPCs has
improved properties. It results that the addition of continuous fibers to WPCs, even if the volume
ratio is low, recommends promoting their use as load-bearing engineered materials. The behavior
of these materials in the case of differential ground motion resulting from various geohazards
(differential settlement induced e.g., by excavations, tunneling or severe changes in water table)
was studied in [%]. The structural response of a pipe having a *++-mm diameter HDPE and
subjected to differential ground motions was investigated. Some calculus methods were verified
using experimental tests. A new HDPE composite and its mechanical properties were presented
in [\ +]. It is observed that the mechanical properties of the composite laminates were found to
have improved to a large extent when compared to the usual standard HDPE laminates. New
solutions to improve the mechanical properties of the HDPE are presented in [Y Y, VY Y V¢ Ye].

The finite element method is usually used to determine the strange-stress field in the HDPE
pipes. The visco-elastic constitutive model with Prony series was carried out to obtain a
temperature field and the stress-stress field in the welding stages [ 1]. The use of the HDPE in
the manufacture of pipes water supply network is presented in various papers. In the engineering
practice the mechanical properties of classical HDPE pipes with different dimensions and shapes
(U-type or V-type or L-type), are extremely important for the safety assessment. The value of the
limit load, creep, low cycle or high cycle must be known. Some papers make theoretical and
experimental studies in this field [V, A, Y4]. Using the pipe mechanical properties and
characteristics, type of fill material, fill placement, the results and applying modified lowa
approaches results in the displacements and stress field in the pipe [Y :]. The numerical results, in
this case, are very close to the experimental measurements. This model takes into deflections
account the soil-pipe interaction. The problem of reliability of polymer pipes used in water
supply network is studied in [Y]. Using a J-integral method and elastoplastic fracture mechanics
a crack pipe model was developed. It is interesting to mention that the water hammer
phenomenon is to a large extent damped due to the large deformability of HDPE.

We can conclude that there are numerous works regarding the modeling and design of some
water supply networks, using pipes made from HDPE [YY,Y¥ Y¢]. However, the problem of
designing and developing a new water supply system requires a careful analysis each time
because the conditions to realize this network and the context are different, due to the physical,
technical and geographical factors which may greatly differ in comparison with other cases
already studied.
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2. Materials and Methods

2.1. Diagram of a Water Supply Network

The water supply network of a city has a complex structure, consisting of water tanks,
pumping stations, water treatment plants and the network pipeline system. The water, by its flow
through pipes, leads to a hydrodynamic loading of the network and consequently, the water pipes
are subjected to mechanical stresses. In the case of the pipeline network, there are points where
the requests can become large, leading to the damage of the pipe, by ductile rupture or by
breakage. These points are generally found at changes of direction, at connections or at pipes
where the water pressure is very high, generally due to level differences. The behavior of pipes
in water supply systems is studied in a number of works [Y¢]. Thus, water companies frequently
encounter problems related to the rehabilitation and extension of water supply systems due to the
aging of the existing water network and housing development. An important parameter in the
planning of these interventions in the water supply networks is the quality of the material used
for the pipes, so as to ensure a long life as long as possible and the maintenance interventions to
be made as little as possible. A model for the reliability of such a network is presented in [Y1]. It
is interesting to note that a failure-repair process of such a network system can be considered an
asymptotically homogenous Markov process. Another approach uses the Bayes theorem to
simulate the failure rate of the water supply network [YV]. This type of analysis is based on the
failure rate index. In [YA], he proposes a new concept of water treatment and of the water station.
Using the topological diagram of the water supply network, it is possible to design a refined
water resource allocation.

Figure ) shows the diagram of a water supply network of a medium-sized city, with the
highlight of the technological scheme.

Water storage lake T
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Voo £ ay ‘.__ o
\\'_imr plant Storage tank D ')4 -
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A - — —
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Figure Y. The water supply network of a medium-sized city.

The technological way of the water supply network is presented, as an example, in the
following:

Y. The water taken from the T. storage lake is treated in the Water Plant, and then,
by gravity, it is sent to the storage tanks in D and to the pumping stations Z, H and,
partially to R. From storage tank D, through gravitational pipelines, the water is
transported to the city’s distribution network (Eigure V).
Y. The water from the storage tank S, through a gravitational pipe, supplies the high-
pressure area of the city’s distribution network.
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Y. The water from water sources (wells) ST, passed through pumping stations R, is

charged into the storage tank L. and from there, through arteries in the distribution

network of the municipality.

From storage tank L, through the tanks of PS and W, the water is introduced into the
distribution network.
2.2. Types of HDPE Pipes Used in Water Supply Networks
Generally, polyethylene pipes (HDPE), for this type of network withstand pressure up to

Y.—e+ atmospheres. The advantages of polyethylene pipes are: the minimum service life of the
pipes is ¢+ years, the maximum service life is estimated at about Y:- years; with similar
dimensions, the weight of the HDPE pipes is more than © times less than the weight of the steel
pipes; no additional protective measures are required when laying on the ground, as the material
is highly resistant to corrosion and chemical attack; periodic maintenance is low; high resistance
to hydraulic hammer shock due to the low elasticity of HDPE; the smooth inner surface of the
pipes prevents sludge from being deposited on the walls, which means that the inside diameter of
the pipes does not change during the operation of the pipe; when the liquid in the pipe freezes,
the pipe will not break, as the material has the capacity to expand by ©7-Y7. After defrosting, the
pipes return to their original state; low thermal conductivity; the amount of condensation on the
pipes and the heat losses are small; reliability of joints simplified technologies compared to steel
pipes; the cost of the pipe in HDPE pipes is significantly lower than the steel pipes with similar
parameters; eco-friendly; HDPE pipes are chemically inactive on contact, allowing them to be
used in water supply systems. Figure Y presents the types of HDPE pipes used in water supply

networks, generally and studied in the paper.
Figure Y. Pipes of different sizes used in water supply networks (for connections, arteries and

distribution).

i

2.3. Methods
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In the paper, the Finite Element Method (FEM) was used to determine the field of the stress
and strain in the pipes and elbow. In order to determine the mechanical characteristics of the
used materials, mechanical traction-compression tests were performed using a universal testing
machine. These were the main tools used to solve problems related to the design and
construction of a water supply network for a city.

3. Experimental Determination of Mechanical Properties

In order to determine the mechanical properties of the HDPE pipes, mechanical tests were
carried out on specimens made for this purpose from the pipes used in the water supply
networks. The mechanical properties resulting from the experimental tests are of great practical
importance, as they are necessary for the designers of the power supply networks and must be
known for a numerical calculation of the stress field appearing in such pipes. In this study,
tensile-compression tests, three- and four-point bending tests were made. The hysteretic behavior
of the polyethylene pipes was studied at tensile-compression load. The values obtained from the
tests were used in the finite element analysis of the pipes. We mention that the products made by
the same manufacturer can have, in the case of HDPE, large variations of the mechanical
properties and, for this reason, attempts to see which properties of each lot are required.

In the case of the HDPE pipes used in water supply networks, the samples are cut from the
pipes, these having different diameters and thicknesses of the walls. For final distribution to
customers, pipes with external diameters between Y +—YY+ mm are used. For transport the arteries
pipes with external diameters between Y)+—£++ mm. For the main pipelines, pipes with external
diameters between £+ +—)+++ mm are used.

The specimens are cut from the pipes studied at a width of Y+ mm and a length of Yo+ mm,
their thickness being given by the thickness of the wall of the respective pipe.

For each specific characteristic, at least Y Y—Ye samples are required. If a higher accuracy of
the results is sought, the number of tested specimens is increased. The test speed is chosen so as
to ensure a rate increase of the extension of approximately V7Z—Y7 per minute. For the samples
presented above, a test speed of Y mm/min was adopted. The following sizes were determined:
stress; deformation; Young’s modulus. The test speed must be maintained with a deviation of
+) +7Z. The material tests were performed on the Lloyd LS Y-+, for traction/compression and on
the Lloyd LR°K, for bending. The pipes @Y+ x Y, ®1Y x ¢ and @3+ x 1 (diameter x wall
thickness in mm) were tested for traction. For pipes @Y+ x Y specimens had dimensions (in mm)
Yoo x Y+ x Y, The diagram stress-strain obtained experimentally for a specimen of this type of
specimen is shown, for example, in Figure ¥.
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Figure Y. Diagram stress-strain for traction, tub ®Y+« x Y,

For HDPE pipes ®1Y x ¢, specimens were Yo+ x Y+ x £ (Eigure_£). The specimens were
subjected to a test speed of ¥ mm/min, using an extensometer. The following characteristics were
determined: rigidity; Young’s module; normal stress at a maximum load; strain at a maximum
load; deformation at maximum load.
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Figure ¢. Diagram stress-strain for traction test, pipe ®1Y x ¢,

Figure ¢ shows some of the samples that were subjected to the tensile test and Figure
1 shows the extensometer used for this test.
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Figure °. Specimens after traction test.




Figure 1. Extensometer used in the experiment.

Further tests were performed on pipes ®%+ x 1 where the specimens were cut to dimensions
Yo« x Y+ x 1, The diagram stress-strain, mediated, is shown in Figure V.
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Figure V. Diagram stress-strain for traction test, pipe ®%+ x 1,

Figure A presents some samples of HDPE pipe @4+ x 1 broken at traction.
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Figure A. Samples of HDPE pipe @4+ x 1 broken at traction.

The following mechanical characteristics have been determined on traction: Young’s
modulus; maximum stress at traction; strain to maximum load.

The dispersion of elasticity modules for the set tested is quite large, which proves that the
material is manufactured in a non-homogeneous manner. The average of these values, used later
in the paper, is YY+ + MPa.

Compression tests were performed for the HDPE pipe ®%+ x 1. For the other types of
pipes previously studied the wall thickness is too small to be able to perform such tests. To
perform the test, from a HDPE pipe ®%+ x 1 were cut, Y° specimens, dimension Yo+« x Y+« x 1,
The diagram stress-strain for one specimen is shown in Figure 9.

1007

w
o

ESeEs:

e
o
2

T

s
o

Stress [MPa]

N
o

&
o

0.00 002 004 006 008 010
Strain [%]
Figure 4. Diagram stress-strain for compression test, pipe @4+ x 1,

Figure Y« shows the test specimens used in the compression, after the test, and Figure
) the extensometer used for this test.
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Figure Y «. Compression test specimens.
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Figure Y. Extensometer used.

The results of the compression tests, for some specimens in the batch, are shown in Figure

VY

13
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Figure Y Y. Diagram stress-strain for traction test, pipe @4+ x 1,

4. Strain and Stress Field in the Elbow of the Pipes

The finite element method (MEF) allows for fast, accurate and low-cost results for problems
related to the determination of stress and strain field in an elastic body. In such a manner various
problems of great importance can be studied in engineering practice [Y%]. The method is
consolidated and the results obtained in the field are materialized in commercial soft well known
by experts [Y+]. For the structure to be analyzed further, it is necessary to use shell finite
elements. In this way, information regarding the field of stress and strain of the loaded structure
can be obtained quickly [¥),YY].

4.1. Analytical Calculus of the Hydrodynamic Force at an Angle g = 45°

Knowing that the hydraulic loads appear at the changes of direction of the pipe, the problem
of the analytical calculus of the hydrodynamic force that appears in a corner of the network is
studied ([¥¥,Y¢], in order to illustrate the level of the force to be supported by the anchor mass.
The following shows the calculation of this force, exerted on an angle of angle a = ¢°° and of
diameter d = Y)Y° mm, located in the horizontal plane (Eigure \Y), through which water flows,
having the flow rate Q = ¥+ + I/s and the pressure p = ¢ at. The purpose is to see the load in case
of constant pressure flow, without taking into account the hydraulic losses. All of this is done in
order to obtain the level of force to which the wall of the pipe must resist, as a justification of the
objectives regarding the mechanical experiments and the modeling with the MEF of the elbow-
massif assembly. The calculus methodology is the one used in [*¢].

14
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Figure VY. Pipe elbow in a horizontal plane [¥'].

The following will be used in the calculus:
the theorem of momentum to determine the hydrodynamic force on the wall of the

pipe;
. the continuity equation;
. Bernoulli’s formula.

The theorem of momentum can be written:
pQ(V" Y=V"1)=R” (+R” (+R” g-R”

")

Or:
F” L-P=p-Q)-B)-v" '\—p-Q"-B-V” Y—p -n” V.§)—pY-n" Y.sY+G” L

(M)

And comparing with (V) it results:
FL-P=R”> p-Q‘-B’-V* 1—p-QY-BY-V” Y=—pQ(V~ Y—=Vv"); (if B = BY)

()
p-n”Vs'=R7 () ; p-n"vs=R7 () ; G L=R7g.
(¥)

Projecting on the coordinate axes we have:
pQ(v¥coso—V')=p'ndY i—prrdYécosa—Rx ;pQ(v'sino—*)=+—p¥nd" {sina—Ry.

(®)
15
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From the equation of continuity the flow velocity is obtained:
V’:VY:V:iQT[dY:i.V el Y7L * AR OYZV,/\iqu.

)
From Bernoulli’s relation, considering that we have the elbow horizontally and that there
are no losses in the elbow, it results:
p\:p\’:p
™)
Taking into account relations () and (V) and replacing them in relations (¢), we obtain:
Rx=(Y—cosa)-(prd¥ £-+pQV);Ry=—sina(p-nd* ¢+pQv).

(*)
Knowing that: Y at=%,AY-Y «« nm+ and replacing values in relationships (), it results:
Rx=2,++Y.) +¢(N); Ry=—A,47%.) v ¢(N); R = R'x + RYY —————— V=YY ¢(N).

4.2. Structural Model of an Elbow in an Anchorage
The geometric model of an elbow made of HDPE and the discretization of the structural
model having a concrete anchorage, are shown in Figure ) £. The model has as input data:

16
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=11

Figure Y £. Discretization of the structural model.

. The pressure inside the elbow, resulting from the analytical calculation, taken as a
reference pressure perpendicular to the inner wall of the elbow;

. Clamping: the ends of the elbow, the concrete anchor on the outside, so that all
these degrees of freedom are canceled. Thus, for the performed analysis, the constraints
regarding the clamping were imposed, through the input data, to the model.

The contact between the concrete massif and the elbow made of HDPE is considered
frictionless. Also, for the sake of simplicity and for the transmission of forces, direct contact was
considered.

Discretization of the structural model: total number of knots: Y¢<3Ae; the total number of
elements: YY«YV+ of which: —YY«\V¢ CYDAR type parallelepiped elements; —)47 prismatic
elements of type CYD1.

For greater accuracy, in the representation of the stresses in the elbow, four elements were
used in thickness. The influences of the weight of the concrete, the elbow and the water column
were not considered. The values taken for Young’s module are those obtained in the previous

17




section. The following values were considered: density of concrete p. = Y,¥ Kg/m", Young’s
modulus E. = Y+ ++ MPa, Poisson’s ration v, = *,Y, density of HDPE p,, = +,1Y Kg/m', Young’s
modulus E,, = Y+ + MPa, Poisson’s ration v, = +,¥Y¥. The results of the numerical analysis with
MEF of the elbow-massif anchorage assembly are presented in Figure ). The calculus is made

using the pressure of water p, = © MPa.

(a)

s, Mises MPa
(Avg: 75%)
+3.643e400
+3.341e+00
+3.038e+00
+2.735e+00
+2.432e+00
+2.12%e+00
+1.826e+00
+1.524e+00
+1.221e400
+9.17%e-01
+6.151e-01
+3.122e-01
+9.39%¢-03

(b)

Figure Ye. (a) Stress field in the assembly elbow-massif (b) Stress distribution in a section of

the assembly.

The stresses occurring in the concrete massif are represented in Figure V1, in MPa.
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l 16.8476-01
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+9.3996-03

Il

Figure V1. Stresses in the concrete massif.

The stress in concrete: maximum Y, Yo MPa << ca= Y+ MPa (ca is allowable stress). The
concrete massif will not be destroyed due to the loads if is executed properly. Contact stress on
the contact surface between the elbow and the massif is shown in Figure Va, in MPa. The mean
value of pressure on the surface is: p = +,11AYA MPa (Eigure \Va).

S, Mises MPa
CFf-‘ES;S MF’ar (Avg: 75%)
LS +3.6436400
13500100 +3.3416400
+2.2076+00 :: 238 §:
:{ 2':5::2:’: +2,433¢+00
+1.4716400 +2.1306+00
+1.2266+00 +1.828¢400
+9.80%¢-01 +1.5256+00
$7.357¢-01 +1.222¢+00
+4.905¢-01 +9.199¢-01
+2.452¢-01 +§ g?ge-Ol
0.000¢4+00 +3.146¢-01
4+0.00024-00 S+ 20;’!_02
(a) (b)
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Figure VV. (a) Contact pressures on the surface of the massif; (b) Polyethylene elbow stresses.

The stresses that develop in the elbow are shown in Eigure YVb, in MPa. The maximum
stress in the elbow is ¥,1¢Y MPa << Y),%4 MPa, which is the allowable stress of PE ).+ type
materials. The elbow is well dimensioned and, if properly mounted, it will not be destroyed due
to the loads applied to the material in normal use.

Plastic deformation in the elbow is max +,YYAZ << A¢.7 (breaking elongation of PE V- -
type materials). Existing requests for material are not likely to destroy it [Y1, YV YA]. If the elbow
fabrication and assembly have been correctly executed and there are no inclusions, micro-cracks
or other defects, the use in normal parameters does not destroy the integrity of the elbow
material.

4.3. Comparative analysis of the Results Obtained with the MEF in the Case of Elbow DN 375, Buried in
the Ground and Anchored in Concrete

Figure A presents the structural model MEF of the elbow buried in the ground. The
following figures will present the results of the stress and strain analysis performed with MEF
[v4,¢. ¢V]. Three loading cases are analyzed: Y, MPa, ¢ MPa, ¢+ MPa. In this section, the
results for the ©+ MPa load case are presented.

Figure YA, Structural model of the elbow buried in the soil.

The obtained results, presented in Figure ‘4, Figure Y., Figure Y\, Figure YY, Figure
Y¥and Figure Y ¢, justify and validate the calculation of crack growth in the case of the elbow
buried in the soil, where the stresses and strains are much higher than in the case of the elbow
anchored in the concrete. The following values were considered: density of concrete p.= Y,Y
Kg/m'", Young’s modulus E. = YV¢+++ MPa, Poisson’s ration v, = +,)°, density of soil p,= +,3V
Kg/m', Young’s modulus E, = ©+ MPa, Poisson’s ratio vy = *,¥Y.

20



https://www.mdpi.com/2076-3417/10/5/1658/htm#fig_body_display_applsci-10-01658-f017
https://www.mdpi.com/2076-3417/10/5/1658/htm#B36-applsci-10-01658
https://www.mdpi.com/2076-3417/10/5/1658/htm#B37-applsci-10-01658
https://www.mdpi.com/2076-3417/10/5/1658/htm#B38-applsci-10-01658
https://www.mdpi.com/2076-3417/10/5/1658/htm#fig_body_display_applsci-10-01658-f018
https://www.mdpi.com/2076-3417/10/5/1658/htm#B39-applsci-10-01658
https://www.mdpi.com/2076-3417/10/5/1658/htm#B40-applsci-10-01658
https://www.mdpi.com/2076-3417/10/5/1658/htm#B41-applsci-10-01658
https://www.mdpi.com/2076-3417/10/5/1658/htm#fig_body_display_applsci-10-01658-f019
https://www.mdpi.com/2076-3417/10/5/1658/htm#fig_body_display_applsci-10-01658-f020
https://www.mdpi.com/2076-3417/10/5/1658/htm#fig_body_display_applsci-10-01658-f021
https://www.mdpi.com/2076-3417/10/5/1658/htm#fig_body_display_applsci-10-01658-f022
https://www.mdpi.com/2076-3417/10/5/1658/htm#fig_body_display_applsci-10-01658-f023
https://www.mdpi.com/2076-3417/10/5/1658/htm#fig_body_display_applsci-10-01658-f023
https://www.mdpi.com/2076-3417/10/5/1658/htm#fig_body_display_applsci-10-01658-f024

Contour Plot
Displacement(Mag)
Analysis system

30.772
B
23939

- 20523

= 17.107
13691
10.275
6.858
3.442

L

g
“Z

Figure V4. Displacements in a section of massif, in mm (load pressure ¢+ MPa).
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Figure Y «. Displacements in elbow, in mm (load pressure ¢+ MPa).
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Figure Y. Displacements in section of elbow, in mm (load pressure ©+ MPa).
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Figure YY. Pressure on the outer surface of elbow, in MPa (load pressure ¢+ MPa).
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Figure Y¥. Stresses von Mises in elbow, in MPa (load pressure ¢+ MPa).
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Figure Y £, Stresses von Misses in elbow, in a section, in MPa (load pressure ¢+ MPa).

The following numbers and types of elements were used to make the discretized model of
the elbow buried in the ground: Number of elbow elements (tetrahedral) = £3YY; Number of soil
elements (tetrahedral) = Y €<+ YY,

The following numbers and types of elements were used to make the discretized model of
the elbow anchored in the concrete massif: Number of elbow elements (tetrahedral) = £4YY;
Number of concrete elements (tetrahedral) = YV« to,

5. Results on HDPE Pipe Damage

Damage of buried pipes, made of HDPE polyethylene, can occur due to several factors [£],
which can be grouped as follows:
. Internal conditions (high pressure, fluctuating pressure, medium-transported
temperature);
. Installation-pipe laying (poor design, laying errors, material handling errors);
. Damaged material (initial defects, incorrect choice of pipe material, previous
crushing);
. Geothermal forces (bark movements, seismic forces, flotation);
. External loads (construction loads, heavy traffic, explosions).
In practice, deterioration of HDPE pipes occurs by ductile or brittle crack rupture due to
flows [£Y,£Y]. A brittle crack is shown in Figure Y¢.
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Figure Y@, Brittle crack of pipe (photo Scarlatescu).

5.1. FEA of Pipe HDPE-DN 315 Subjected to a Hydraulic Pressure

The model required for the analysis has as input data the pressure inside the pipe, taken as a
reference pressure, perpendicular to the inner wall of the pipe and the boundary conditions at the
ends of the pipe. The data regarding the pipe, its geometry and its material are: external diameter
Do« = YYo mm; internal diameter D;,, = YoV mm,; thickness t = YA,%; density p = 4V+ kg m’;
Young’s modulus E =YY+ + MPa; Poisson’s ratiov = +,¥Y,

To perform the numerical analysis with MEF, using ABAQUS, the discretized model
analysis of the pipe, presented in Figure Y1a is created. The discretization was performed using
CYDAR type parallelepiped elements. There were generated YY: -+ elements for the obtained
model.

(a) Stress field (MPa) (b) Displacements (mm)

Figure Y1. Results for the pipe DN ¥) e,
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5.2. Simulation of the Ductile Crack of a Straight Pipe

In the following, a simulation of the ductile crack is made for a straight pipe. Currently, this
type of pipe is not supported in concrete, but buried directly in the ground. As a result, the
analysis of the pipe’s behavior when supported in a concrete massif was not done and there is no
comparison between the two solutions (in this case, the current practice of civil engineers is to
directly bury pipes in the ground). In the numerical analysis of the crack, Abaqus/CAE 1,Y¢-2 s
used with XFEM. The simulation is performed for DN+ distribution pipes and DNY) ¢ arteries.
The geometric model of the pipe, necessary for the numerical analysis with MEF, will be created
and the chosen material of the pipe is HDPE. The steps followed in this analysis are: Creating the
solid; Creating the crack strip; Creating the section and setting material properties; Create an
additional step for crack development; Create the crack-type interaction; Create the unitary
assembly of solid and crack strip; Create the clamping; Create the load on inner surface; Model
discretization (Figure YV); Choosing the output calculation parameters; Performing the
simulation and obtaining the results. In the analysis of the pipes, only the stress and strain caused
by the internal pressure to which they are subjected are considered.

Figure YV. Crack analysis model of DN Y@ pipe.

It is now possible to present the cracked model in Figure YA, The crack is ductile and
resembles the “parrot’s beak™ described in [¥1]. The crack stress is 'V« MPa >>> allowable
stress of HDPE. The displacements of the nodes at the crack are presented in Figure YA, in mm,
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Figure YA, Displacements of the nodes at the crack for the pipes DNY e,

For the study of the ductile crack of the DN pipes 9+ the steps of the analysis are identical
to those described previously. The discretized model, with the created interaction of the crack

type, is presented in Figure Y4a.

(a) (b)

Figure Y4, (a) Crack analysis model of pipe DN 4+ and (b) Broken model of pipes DN 4.

The presentation of the broken model is produced as shown in Figure Y4%b. The crack is

ductile and resembles the parrot’s beak described in [*1].
5.3. Study of the Crack of the Elbow DN 315 Buried in the Ground
The geometric model of the DN YYe elbow, made of HDPE, which is not supported in a

concrete anchorage, is shown in Figure ¥ +a. The discretized model of Figure Y «b will be used
to simulate elbow rupture.
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(a) (b)
Figure ¥ +. (a) Geometrical model of the elbow DN Y; (b) FE model of the elbow DN Y@,

The model of pressurized elbow DN Y)Y, which has created the crack-type interaction, as
well as the crack strip, is shown in Eigure ¥+ b. After performing the numerical analysis with the
MEF it is possible to present the broken model. The rupture is ductile and occurs according to
the mode shown in Figure YD, using Abaqus/CAE 1,)e -XFEM.

e i S

Figure ¥\. Elbow DN Y e after cracking.

The stress at which the crack occurred: Ye+,Y MPa > Y),4 MPa, which is the allowable

stress [ ] of PE materials (Eigure ¥)).

6. Discussion and Conclusions
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A comparison between an elbow buried in the ground and one anchored in a massif
concrete was presented, showing the advantages of the solution of the elbow anchored in
concrete. Using MEF, the stresses and strains that appear in the elbow-massif anchorage
assembly, as well as in the pressurized pipe of the entire water supply network were determined.

From the analysis of the obtained results we can formulate the following conclusions:

. The maximum stress the concrete massif (Eigure ‘1)
was: omax=Y,* Y°MPa<ca=Y + MPa so that the concrete massif will not be destroyed due
to the existing load;

. The maximum stress in the elbow was omax, =Y, ¢ YMPa<ca=Y),1MPa so that the
elbow will not be destroyed due to the working demands;

. The plastic deformation in the elbow (Eigure V), at stretch, max +,YYAZ <<
A¢ 7 which is the specific elongation at break for HDPE [* 1];

. The comparison between elbow DN ¥) @ buried in the ground and elbow DN Y@
anchored in concrete mass, presented in Figure V4 Figure Y-, Figure Y\, Figure
YY, Figure YY and Figure Y ¢, where the values of tension and deformation are shown
in soil and concrete, justify anchoring the elbow in the concrete massif.

The results obtained during the work can be useful to a designer in the case of building a
water supply network. They refer to pipes made of HDPE, a wide material used in practice. For
the same pipe size, but coming from different manufacturers, a user can make the difference, not
only based on the price but knowing the material characteristics resulting from mechanical tests.
The paper presented very useful information for specialists who use polyethylene pipes. The
results of the work can be materialized in:

. The proposal of quality assurance and control systems for receiving pipes, which
will comply in all respects with the conditions of the reference standards;

. Elaboration of quality control procedures of the companies that manage the water
networks, with the right of these companies to control or try the products they purchase
during any stage of their manufacture, which can affect the quality of the products and
also the possibility of testing the raw materials used in the manufacture of pipes or
fittings;

. Elaboration of storage techniques of all the information attesting the quality of the
product delivered by a certain supplier and the possibility of comparing price/quality
analysis, but also the knowledge of the mechanical characteristics, for similar products
from different suppliers;

. Introducing in the quality system the mention “the obligation of the supplier of
plastic pipes to present the regression diagrams of the pipe material”;

. The digital map of the network and the study of rings with specialized software
(EPANET, WATERCAD);

. Requesting an express requirement of the beneficiary of the plastic pipe—in the
manufacture of the batch of pipes, molds, and samples of the same material as one of the
pipes are made, known that for mechanical tests, the samples must have a certain form
AR

The obtained results and their benefits can be transferred to the designers of water supply
networks, networks that are found in most localities in the areas of the modern world.
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