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Abstract. Results of long-term hydrostatic strength study of piping systems made from polyethylene with
increased temperature resistance PE-RT type Il of Hostalen 4731B without reinforcement are presented
and discussed in this paper. The different approximations of durability curves and various equivalent stress
measures are considered and compared. An analytical expression for the maximum allowable internal
pressure as function of service life of pipes, temperature, geometrical parameters of pipe cross-section and
material properties is given. Pipes without reinforcement with nominal outer diameters from 32 mm to
225 mm were analyzed to assess long-term hydrostatic strength using equivalent stress, provided that
there is no change in mechanism of damage accumulation. This allowed us to use linear extrapolation into
area of long service life. The results indicate possible use of pipes SDR7.4 in heating networks for 50 years
with heat transfer fluid parameters of 95 °C and internal pressure of 1 MPa.

1. Introduction

Until recently, European public utility pipe market has traditionally been dominated by copper and
galvanized steel pipes. Over past 30 years this segment has seen accelerated growth in share of pipes
made from plastic. Advantage of plastics is that they are non-corrosive and resistant to many chemicals.
They are flexible and easy to assemble (like “endless” pipe), hermetically sealed by fusion welding and light
in weight, which facilitates their transportation and handling on site [1-6].

Typically, plastics used for production of municipal pipes are PE (polyethylene), PP-R (random
copolymer of polypropylene), PB (polybutene) and to a lesser extent C-PVC (chlorinated PVC). While
PP-R, PB and C-PVC have their own good high temperature properties, PE was not considered suitable
for this market segment due to operating temperature limitations [7—11].

However, crosslinking of polyethylene (PE-X) allowed achieving desired long-term hydrostatic
strength at high temperatures. Better flexibility and elasticity, high thermal conductivity, good economic
properties and inertness provided by polyethylene have led to rapid increase in popularity of crosslinked
polyethylene. At present crosslinked polyethylene is a widespread plastic material in segment of pipes for
heating and water supply systems [12-17].

Recently, a promising new class of polyethylene materials (PE-RT) with significantly improved long-
term high temperature strength without the need for crosslinking draws more and more attention [18-21].

Purpose of this work is to study the long-term hydrostatic strength of pipes made from polyethylene
with increased temperature resistance PE-RT type Il without reinforcement. The durability analysis is
carried out for the following range of pipe parameters:
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e working pressure in pipe (0+2 MPa);
e temperature (50, 60, 70, 80, 90, 95, 100, 110, 115 °C);
e outer diameter of pipes (32+225 mm);

e pipe wall thickness for SDR 7.4 (4.4+30.8 mm); SDR 9 (3.6+25.2 mm); SDR 11 (2.9+20.5 mm),
where SDR is the Standard Dimensions Ratio defined as the ratio of the pipe nominal outside
diameter to the nominal (minimum) wall thickness.

2. Methods
2.1. Formulation of problem

Single-layer circular pipe (see Fig. 1) with inner radius Ro, outer radius R1, outer diameter dn = 2R1
and wall thickness en = R1 — Ro is considered. Pressure p acts on the inner surface of the pipe and pressure

g is applied on the outer boundary. The cylindrical coordinate system with zZ-axis along symmetry axis of
the pipe is used.

The calculation of the equivalent stress measure, depending on geometric and loading parameters,
is the aim of the boundary value problem solution. The problem has a well-known analytical solution for the
stress-strain state (firstly proposed by Gabriel Lamé [22]) in the linear isothermal infinitesimal elastic
formulation under assumption of isotropy of material properties.

Figure 1. Schematic representation of pipe section fragment
with indication of the main geometric parameters and acting loads.

2.2. Analytical solution for stress tensor components

Solution of Lamé boundary value problem [22] in linear elastic isothermal formulation in framework
of hypothesis of a plane strain state when pressures acting on inner and outer surfaces of pipe are set as
boundary conditions

c =—p; o

Flr=R r‘rle

= _q1 (1)

has a form of following dependences of radial and circumferential stresses on applied loads, geometric
parameters and distance I from axis [23]:
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The axial stress O'Z for the plane strain state case can be evaluated by the relation

O'Z = v(o-r +0o j , Where V is the Poisson ratio.
Q

In many practical applications, outer pressure is much less then internal. In this case, the influence
of external pressure can be neglected and action of only internal pressure p is taken into account that leads

to the simplification of relations (2) in the form:

®3)

The typical diagrams of stress tensor components distribution along the radius within the wall
thickness are shown in Fig. 2 for the PE-RT type Il pipe with outer diameter 50 and wall thickness 6.9 mm.

4
a0

A o
-, 2 \.“.‘
b 1 \\‘"‘\‘.‘
8 7

“3-
b ]

= o
~ .
b °

./ ol ||
']- T T T L T
0 3 10 13 20 23

F, 1mim

Figure 2. Example of stress tensor components distributions along the radius for the pipe

with outer diameter 50 mm and wall thickness 6.9 mm.
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Analysis of relations (3) allows asserting that the maximum values of circumferential stress (maximal
principle stress) are realized on the inner radius
2 ; 2
+
GIRIGY

maxoc =o (R ): : 4

(R)"=(Ro)
It should be noted that it is possible to obtain analytical solution of the problem in viscoelastic,
elastoplastic or viscoplastic formulation [24, 25]. However, numerous experiments do not demonstrate the
remarkable residual strains and use of such nonlinear material models for life-time prediction will require

significant increase in amount of necessary experimental data. Note also, the linear elastic solution provides
conservative evaluation of stress state.

2.3. Equivalent stress measures

It is necessary to introduce equivalent stress for which formulation of strength criterion is compared
with the maximum permissible value of long-term strength for analysis of strength in case of non-uniaxial
stress state. Circumferential component of stress (which is always tensile and exceeds value of
compressive radial component) can be considered as the maximum principal value:

= = 5
Ueq 21 O'(p. ()

Also doubled maximum shear stress (Tresca equivalent stress) can be considered as equivalent
stress

-G — 6
Mises stress intensity
o= 1 (o, -0 )2+(0' -o )2+(U —0')2 . 7
eq \2|/'“17 72 293 3771
Thickness-average circumferential stress is determined by 'boiler equation’
PR
. = 0 (8)

o =——
€q » Rl_RO

Equation used in GOST 32415-2013 is approximation to the maximum principal stress, which can
be obtained as a consequence of asymptotic equation (4) under assumption that the wall thickness is small:

) p(R,+ Ro)_ p(dn_en): P(SDR-1) (©)

eq _R.) 2 2
2(R, Ry ) n
Comparison of the maximum values of equivalent stress (5)-(7) and predictions by (8) and (9) is

shown in Fig. 3 for the pipe with outer diameter 50 mm and wall thickness 6.9 mm. There is 23 % difference
between the minimum and maximum results.
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Figure 3. Comparison of equivalent stresses (5)-(9) for the pipe
with outer diameter 50 mm and wall thickness 6.9 mm.

In [26, 27] results of tests of high-density polyethylene under biaxial tension are given and it is noted
that when analyzing for long-term static strength at low stress levels and long durability the best prediction
corresponds to the criterion of maximum principal stresses (5). At the same time, at high stress levels and
short-term durability the best prognosis is provided by Mises criterion (7). Therefore, in analysis of long-
term strength for long service lives the equivalent stress (5) and its simplified approximation (9) are used
below.

2.4. Long-term strength curves approximation

In practice, there are various approximations of long-term strength curves [28]. In present research,
the following four-term dependence of durability (time to failure) from equivalent stress and temperature
originally introduced in DIN EN ISO 15875-2:2004 [29] was used for approximation of long-term strength
curves of polyethylene PE-RT type Il

Ig(t)=A+¥«‘)+%+Dlg(o—), (10)

where A, B, C and D are material constants. By transformation of (10) the more convenient for further
analysis formulation with combination in one term the stress dependent expressions can be obtained:

Ig(t):(D+TEjlg(o-)+(A+%j. (a1

Determination of coefficients of the equation (11) was carried out on the basis of minimizing following
functional (according to the method of least squares):

n k B C 2
L= > || D+= Ig(aj)+ A+— —Igt(ai,Tj) — min. (12)
i=1j=1 T T
Objective function (12) is the standard deviation. This objective function has a complex, non-linear
form and a large number of local extremums. The sliding tolerance method (Nelder—Mead method [30, 31])
is used for finding a global extremum to minimize the objective function (12). Advantages of this method

are ability to solve problems with both linear and nonlinear objective functions and constraints. This method
does not use derivatives.

3. Results and Discussion

As a result of experimental data analysis [32] for curves of long-term strength of polyethylene of
increased thermal resistance PE-RT type Il of Hostalen 4731B brand approximation coefficients A, B, C
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and D of equation (10) were obtained on the basis of least squares method (12). Coefficients are presented
in Table 1.

Table 1. Coefficients of approximation (10) of long-term strength curve of polyethylene
PE-RT type Il of Hostalen 4731B.

A -252.0882 Ig(h)
B -68217.06  Klg(h)/Ig(MPa)
C 105350.4 K Ig(h)
D 136.0416 Ig(h) / lg(MPa)

Comparison of obtained approximations of long-term strength curves with experimental data is
shown in Fig. 4, where points correspond to the experimental data, straight lines related to the calculated
approximations.

Thus, equation (10) takes below given form after determining the coefficients:

68217.06 lg(c)+

+136.0416 Ig(o),

Ig(t) = —252.0882 -

(13)
N 105350.4

in which the stresses are measured in MPa, time in h, temperature in K.
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Figure 4. Curves of long-term strength based on equation (13).
Experimental results are shown by points and their approximations are shown by lines.

The standard deviation for all curves in Fig. 4 is less than 1 % that confirms adequacy of choice of
model and high accuracy of determining the constants.

It is important to note that introduced approximation (13) allows linear extrapolation to region of long
service lives only if there is no change in damage accumulation mechanism (for example, a transition from
ductile to brittle fracture mechanism or microstructural changes in material). Verification of absence of
change in the mechanism of damage accumulation can be carried out experimentally.

Comparison with experimental data of alternative approaches of long-term strength approximations
such as Larson-Miller equation [33]

9(t) = A+=+=19(0)+ Dlg? (o) 14)
and Manson-Hafed equation [34]

lg(t)= A+Blg(c)+Clg? (o) +DT (15)
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demonstrated advantage (see Fig. 5) of criterion (10) in comparison with (14) and (15) which are
widespread for metallic materials.
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Figure 5. Comparison of experimental results with Larson-Miller approximation (14),
Manson-Hafed (15) and approximation by equation (10).

Following coefficients in approximations were used (stresses are measured in MPa, time is in h,
temperature is in K) for Larson-Miller criterion

lg(t) = ~69.0589 + 2213290
3123.772 (16)
#2221y (o) ~8895.212 lg° (o)
and for the criterion of Manson-Hafed
lg(t) =96.82029+11.10418Ig (o) -
(7)

—30.125661g2 (') —0.24095T

It should be noted that use of unified analytical approximations over entire temperature range
introduces some error in analysis of specific temperatures. Example of that difference is shown in Fig. 6,

which compares approximation (10) uniform for all temperatures with coefficients A, B, C and D defined
by the results of experiments at T = 20, 70, 95, 110 °C and isothermal approximation

lg(t)=F+E-lg(o), (18)

obtained on the basis of least squares method (F = 0.677 Ig(h), E =-0.01576 Ig(h)/Ig(MPa)) for set of
experimental points at temperature of T = 95 °C. Obtained result indicates that use of approximation (10)

at temperature of T =95 °C for a time of more than three months provides conservative estimate with
certain margin.
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Figure 6. Comparison of approximation (10) uniform for all temperatures
with approximation (18) introduced only for temperature of T = 95 °C.

2.5. Long-term strength nomograms

Actual for practice nomograms «pressure-temperature-durability» were obtained for three different
SDR values (see Fig. 7-9) based on the analytical solution (4) for pipe under internal pressure, equivalent
stress (9) and results of approximation of long-term strength curves (13).
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Figure 7. Long-term strength for pipes with SDR 7.4 made
of polyethylene PE-RT type Il of Hostalen 4731b brand.
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Figure 8. Long-term strength for pipes with SDR 9 made
of polyethylene PE-RT type Il of Hostalen 4731B brand.
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Figure 9. Long-term strength for pipes with SDR 11 made
of polyethylene PE-RT type Il of Hostalen 4731B brand.

With increasing SDR (decreasing relative wall thickness) the maximum allowable pressure level
decreases (compare Fig. 7-9). The maximum allowable internal pressure was determined on the basis of

m T

B
2e D+—
T, o2, 2 g9 T (19)
dn—en €q SDR-1 €q SDR-1

which has been obtained from the equations (9) and (10).

p:

Long-term strength curves may slightly differ for different standard sizes of pipes with the same SDR
value due to specifics of choosing nominal wall thickness from a tabulated discrete range of thicknesses in
accordance with regulatory documents. As a rule, nominal wall thickness slightly differs in direction of
increase from value of ratio of outer diameter to SDR that leads to conservative estimate of strength. The
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durability is sensitive to variation of the wall thickness, therefore it is necessary to individually check
fulfillment of strength condition for each standard size in especially critical cases.

Calculation results of the maximum allowable pressures using criterion (9) for pipes of various
standard sizes SDR 7.4 made of polyethylene of increased temperature resistance PE-RT type Il Hostalen
4731B brand at temperature of T = 95 °C for various service lives (from 50 years to 100 hours) are
presented in Table 2.

Table 2. Maximum allowable pressure for pipes of various standard sizes (SDR 7.4) made of
polyethylene PE-RT type Il of Hostalen 4731B brand at temperature of T = 95 °C for various service
lives.

p, MPa

No. dn, mm €n, mm
50 years 2 years 1 year 100 h
1 32 4.4 1.209 1.290 1.308 1.433
2 40 5.5 1.209 1.290 1.308 1.433
3 50 6.9 1.214 1.296 1.313 1.439
4 63 8.6 1.199 1.279 1.297 1.421
5 75 10.3 1.207 1.288 1.307 1.431
6 90 12.3 1.200 1.281 1.299 1.422
7 110 15.1 1.206 1.288 1.306 1.430
8 125 17.1 1.201 1.283 1.301 1.424
9 140 19.2 1.205 1.286 1.304 1.428
10 160 21.9 1.202 1.283 1.301 1.425
11 180 24.6 1.200 1.281 1.299 1.422
12 200 27.4 1.204 1.285 1.303 1.427
13 225 30.8 1.203 1.283 1.302 1.425

It can be seen from Table 2 that for all considered standard sizes at pressure of p = 1 MPa condition

of long-term strength is provided at heat transfer fluid temperature of T = 95 °C for service life of 50 years.
The safety factor is 1.2 when using criterion (9) for all cases of standard sizes. The safety factor exceeds
1.17 when using criterion of maximum principal stresses (5).

Calculations made for verification purposes using Mises criterion (7) for plane strain state showed
that in this case condition of long-term strength is also provided at pressure of p = 1 MPa and heat transfer
fluid temperature of T = 95 °C for service life of 50 years. At the same time, the safety factor for the
considered standard sizes of pipes exceeds 1.03.

The maximum allowable pressure obtained for equivalent stress (9) for pipes of various standard
sizes SDR 9 made of polyethylene of increased temperature resistance PE-RT type Il of Hostalen 4731B
brand at temperature of T = 95 °C for various service life (from 50 years to 100 hours) are presented in
Table 3.

Table 3. Maximum allowable pressure for pipes of various standard sizes (SDR 9) made of
polyethylene PE-RT type 2 of Hostalen 4731B brand at temperature of T = 95 °C for various service
life.

p, MPa

No. dn, mm €n, MM
50 years 2 years 1 year 100 h
1 32 3.6 0.961 1.026 1.040 1.139
2 40 4.5 0.961 1.026 1.040 1.139
3 50 5.6 0.956 1.026 1.035 1.133
4 63 7.1 0.963 1.026 1.042 1.141
5 75 8.4 0.956 1.026 1.035 1.133
6 90 10.1 0.958 1.023 1.037 1.136
7 110 12.3 0.954 1.019 1.033 1.131
8 125 14 0.956 1.021 1.035 1.133
9 140 15.7 0.958 1.022 1.037 1.135
10 160 17.9 0.955 1.019 1.034 1.132
11 180 20 0.948 1.012 1.026 1.123
12 200 22.4 0.956 1.021 1.035 1.133
13 225 25.2 0.956 1.021 1.035 1.133
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It can be seen from Table 3 that for all considered standard sizes at pressure of p = 1 MPa condition

of long-term strength is provided at heat transfer fluid temperature of T = 95 °C for service life of 2 years.
The safety factor is 1.02 when using criterion (9) for all cases of standard sizes.

All considered sizes of pipes SDR 9 withstand the pressure of 0.7 MPa for 50 years with safety factor
1.35 and the pressure of 0.6 MPa with safety factor 1.5.

Calculation results of the maximum allowable pressure using criterion (9) for pipes of various
standard sizes SDR 11 made of polyethylene of increased temperature resistance PE-RT type Il of
Hostalen 4731B brand at temperature of T = 95 °C for various service life (from 50 years to 100 hours) are
presented in Table 4.

Table 4. Maximum allowable pressure for pipes of various standard sizes (SDR 11) made of

polyethylene PE-RT type Il of Hostalen 4731B brand at temperature of T = 95 °C for various service
life.

p, MPa

No dn, mm €n, mm
50 years 2 years 1 year 100 h
1 32 2.9 0.773 0.825 0.837 0.916
2 40 3.7 0.768 0.820 0.832 0.910
3 50 4.6 0.769 0.821 0.832 0.911
4 63 5.8 0.756 0.807 0.818 0.896
5 75 6.8 0.760 0.811 0.823 0.901
6 90 8.2 0.758 0.809 0.821 0.899
7 110 10.0 0.761 0.812 0.824 0.902
8 125 11.4 0.756 0.807 0.819 0.896
9 140 12.7 0.761 0.813 0.824 0.902
10 160 14.6 0.760 0.811 0.823 0.901
11 180 16.4 0.759 0.810 0.822 0.900
12 200 18.2 0.760 0.811 0.823 0.901
13 225 20.5 0.773 0.825 0.837 0.916

It can be seen from Table 4 that for all considered standard sizes at pressure of p = 0.6 MPa condition

of long-term strength is provided at heat transfer fluid temperature of T = 95 °C for service life of 50 years.
The safety factor is 1.26 when using criterion (9) for all cases of standard sizes for pressure 0.6 MPa.

The safety factor 1.5 does not allow to increase pressure above 0.5 MPa for 50 years, above
0.55 MPa for 1 year and above 0.6 MPa for 100 hours for pipes of SDR 11.

The above estimates are valid for constant pressures and temperatures throughout the entire service
life. In the case of realistic loading conditions with variable (piecewise constant) values, it is recommended
to use the Miner’s linear damage summation rule [35, 36].

4. Conclusions

1. The four-term approximation (13) of long-term hydrostatic strength curves is proposed and
analyzed for polyethylene of increased temperature resistance PE-RT type Il of Hostalen 4731B brand.

2. The maximum allowable internal pressure (19) is determined as a function of service life of pipes,
temperature, geometrical parameters of pipe cross-section and material properties.

3. Data of proposed nomograms (Fig. 7-9) should be used to determine durability of pipes, critical
pressures and safety factors for the various temperature conditions.

4. We studied pipes without reinforcement with nominal outer diameter from 32 mm to 225 mm
made of polyethylene of increased temperature resistance PE-RT type Il of Hostalen 4731B brand. We
assessed the long-term strength using provided equivalent stress under assumption that there is no change
in damage accumulation mechanism. The results obtained indicate possible use of these pipes in heating
networks for 50 years with heat transfer fluid of 95 °C and working pressure of 1.0 MPa for SDR 7.4,
pressure 0.8 MPa for SDR 9, pressure 0.6 MPa for SDR 11 with safety factor 1.2 in all cases.

5. Miner's relation with account of summation of damages within each interval of constancy of
temperature and pressure should be used for calculating durability of pipes with changing over time levels
of temperatures and pressure.
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6. For validation and verification of obtained analytical results further experimental and finite element

verification are required.
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