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ABSTRACT

External factors, such as main stresses, frequency of the loading, shape and history of
loading (hysteresis) have an important effect on the fatigue behavior of high-density
polyethylene. HDPE pipes, used in the transport and distribution of water and are
required for oscillating loads caused by internal pressure or external loads. These cyclic
loads cause the pipe's failure due to fatigue. In a polymer fatigue occurs at stress levels
that are low relative to the yield strength [1]. This paper presents results from the
assessment of the mechanical behavior of specimen test taken from PE 100 pipe in the
case of variable stresses. Thus, compressive and tensile stresses are induced on the
specimen test as it is simultaneously bent and rotated. The rotating-bending fatigue test
is performed when the specimen test is placed with the extremities on two supports and
supports a load applied in four-points placed symmetrically with respect to the supports,
at 1/3 of the distance between the supports, according to [2]. The effect of the values of
the number of cycles until failure in the case of rotating-bending fatigue stress on
mechanical properties of HDPE is also compared with the same factor in the case of
axial fatigue stress. The polyethylene pipe may be subjected to random variable stresses.
In practice, variable loading patterns as strain rate, temperature, hydrostatic pressure,
pressure from to the vehicle wheels, the movement and the variable weights supported
by the surrounding soil are causes that could lead to the bending of PE pipe. These loads
generate oscillating axial stresses. The bending of the pipe is cause of the cross-section
modification (roundness modification) of it.
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INTRODUCTION

The specialized technical literature [3-7] specified the influence of molecular weight
and the crystallization degree or the concentration of tie molecules on characteristics in
the case of HDPE fatigue. In addition, external factors and internal pressure have
influence on the fatigue behavior of polyethylene of high density used in water
transmission systems. The pipes are subjected on variable loading patterns: hydrostatic
pressure, pressure due to the vehicle wheels, the movement and the variable weights
supported by the surrounding soil. These cyclic loading determine pipeline failure
through fatigue. From practice, was demonstrated the dependence between stress, even
and at low level, and the pipeline failures. The correlation has as determined factor
cyclical loads and is highlighted even in a relatively short operating time. In the case of
variable loads, it is accepted that stress is a periodic function of time t. The set of stress
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values during a period of time is called a cycle and is defined by the maximum stress
omax and minimum stress omin. The ratio between minimum stress and maximum stress
represents stress ratio.

Generally, knowing the yield stress oy of the material subjected to research, according to
[8] the test specimen test was tested at symmetrical cycles with omax = 61 = (0.25...0.5)
oy. This value is corresponded a N1 number of cycles at which the specimen test is
broken and the pair of values (o1, Ni) represents the point number 1 plotted in a
coordinate system omax - N. Testing of next specimen provides second point (o2, N2) for
a stress of less than 1-2 MPa than the first. With a series of such points to a graph called
Wodhler's curve or S-N curve is constructed. In case of Wohler's curve becomes
horizontal at higher values of number of cycles fatigue limit is recorded. Below this
fatigue limit will not occur fatigue failure. Also, fatigue strength or is an important
mechanical characteristic which describes the fatigue response. It represents the stress
level at which the failure occurs for a given number of cycles. A certain level of stress
in the S-N curve corresponds to a number of cycles that cause failure, called fatigue life.
Endurance limit is the maximum amplitude of completely reversed stress that a
specimen test can sustain for an unlimited number of cycles, without fatigue failure.

The S-N curve has 3 domains: | - Static or low cycle stress zone, Il - limited durability
zone, 111 - high cycle stress zone or unlimited durability zone (fatigue strength zone).
Zones Il and Il are of interest for variable stress tests. In this sense, after

recommendation the first determination must be made at the maximum stress at which
the test piece can withstand at least 10* cycles.

Low cycle fatigue is considered when are involves higher applied cyclical stresses (and
failure occurs fewer cycles. In this case, both elastic and elastic deformation occur.

For high cyclical fatigue the failure time is very long and high cycle fatigue occurs, after
a very large number of cycles, more than 10.000 cycles, and deformation is totally
elastic.

The same omin Can be maintained when changing the load cycle.

The fatigue test is standardized and [9] specifies that long term fatigue test must be
performed according to standards [10-11].

There are three standardization tests for fatigue:
- by rotating-bending;
- with axial loads;
- by twisting.

[12] notes that [13] is the standard that also applies to plastics. It establishes the method
and conditions for testing, with alternating-symmetrical cycles of constant amplitude,
on specimen test with a diameter between 5 and 12.5 mm without stress concentrators,
in the conditions of the test ambient atmosphere, according to [14].

The probability of the association of material failure problems and the cyclic test is
explained by the presence of intrinsic defects installed during the manufacturing
process. The following characteristics are usually determined by the rotating-bending
fatigue test: fatigue strength, resistance to limited durability, fatigue limit. Fatigue
resistance is the highest value of the maximum stress at which the specimen test does
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not break, being subjected to a large number of stress cycles (asymptote on the
Wohler’s curve), denoted by or and shown, according to [15], in Figure 1.
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Figure 1. Positioning the fatigue strength on the Wéhler curve [13]

According to [16, 17], in determining the rupture of the HDPE material, three fatigue
yield models are used, namely: Miner's linear rule, the yield stress model DS, and the
yield energy model DE, respectively. Each expresses its own calculation of the yield,
either by a variable D, in the case of the first model, or by a yield indicator D, in the
case of the second model, or by a relative prediction error, in the model three. The
behavior of HDPE material on axial fatigue test specimens was investigated. In
addition, a comparison of the three models was made and it was found that Miner's rule
provides the closest predictions to the experimental results.

EXPERIMENTAL PROCEDURE

The rotating-bending fatigue test proposes the behavioral evaluation of the HDPE
material at the rotating-bending stress for a study compared to the one demonstrated in
the case of axial fatigue stress. The specimen test for rotating-bending fatigue test were
prepared from PE 100 pipe. The test has purposed the evaluation its behavior in case
variable overloads, repeated a large number of times. In this sense, the degree of
decrease of the mechanical resistance due to the installation of the fatigue phenomenon
of the material is followed. The evaluation of the fatigue strength of the material, the
behavioral analysis and the determination of the Wohler's curve or the durability curve
for PE 100are the targets of the experiment.

The test consists in the application, generally to the point of rupture, perpendicular to
the longitudinal axis of the specimen test in rotation, of a load which produces a
bending moment. The maximum number of cycles up to which the tests are performed
is practically limited to N = 107, considering that if the specimen test did not yield up to
this number of cycles, then the test body will not yield to a larger number.

The rotating-bending fatigue test on a specimen test shall be performed according to
[12], when it is placed with the extremities on two supports and bears an applied load.
The load can be applied in different ways:
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- central, according to [18] and [19];

- at two points symmetrically to the supports, 1/3 of the distance between the
supports, in accordance with [20];

- at one end while the other end is recessed in accordance with [21].

For the rotating-bending fatigue test performed, the loads were applied in four-points
placed symmetrically with respect to the supports.

In the case of the experiment, loads were applied constantly throughout the test,
continuously, without shocks and at the set frequency. The conditions established for
the conduct of the experiment, such as load, frequency and diameter of the specimen
test, were chosen appropriately to avoid heating in the calibrated area of the specimen
test at a temperature above 100 °C.

The experiment took place in the Laboratory of Complex Mechanical Tests C I 9 -
LEIMC 2 Complex Mechanical Tests 2 of Petroleum-Gas University of Ploiesti. Was
used a rotating-bending fatigue testing machine Type UBM 20 Nm, shown in figure 2a,
manufacturer Walter + Bai Ag. The weight what producing the rotating-bending fatigue
stress of the PE 100 specimen test and its positioning are shown in figure 2b.

a b

Figure 2. The installation used to perform the experiment

The specimen test subjected to the request for rotating-bending fatigue test was cut
directly from HDPE water pipe, from the longitudinal direction. The PE 100 pipe
(@ 200 x 14.7) SDR 13.6 has the mechanical characteristics, established in a previous
tensile test, presented in table 1.
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Table 1. Mechanical characteristics of the material of the PE 100

Mechanical characteristics at strain rates 102s* Symbol and Values
(v =50 mm/min) measurement unit

Young's modulus E [MPa] 1100
Yield stress oy [MPa] 26.2
Yield strain ey [%] 8
Tensile strength oc [MPa] 33

Specimen test have a circular section, cylindrical in shape, for the application of force at
four-points, shown schematically, according to [10], in figure 3. According [13] on
cylindrical specimen test subjected to constant bending moment, the parallel test section
shall be parallel within 0.025 mm.
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Figure 3. Schematic representation of the test piece subjected to rotating-bending

The dimensions of the test specimen test and the main technical characteristics that
occurred as parameters in the applied procedure are given in table 2. It is a parallel
specimen test, according to [13], with four-point loading. The limit deviations from the
dimensions of the specimen test and its measurement accuracy were observed,
according to [9, 13].

Table 2. Technical characteristics of the rotating-bending fatigue test

Technical characteristics Symbol Values
Diameter of specimen test where stress is maximum d [mm] 10.02
Diameter of gripped or loaded end of specimen test D [mm] 14.2
Radius at ends of test section that starts transition from r [mm] 10
test diameter

Calibrated length of the test piece lo [mm] 31
Length of clamping end lp [mm] 29
Total length of the test piece I [mm] 300
Load or applied force F[N] 0.330
Constant bending moment M [N-mm] 150
Fatigue life, cycles to failure Nt [cycle] 20570
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The processing of the specimen test was carried out in such a way as to preserve the
structure and mechanical characteristics and to minimize the stresses remaining on the
surface of the material. The imagine of the specimen test taken to be subjected to the
experiment are shown in figure 4.

Figure 4. The specimen test taken to be subjected
to the application of rotating-bending test

The way of holding the test piece in the tanks of the test machine complied with the
requirements of [13]. As the test specimen test is bend and rotated, each fiber is rotated
and applied consecutively to tension and compression. The ratio stress was set at zero.

The sequence during the experiment is shown in figure 5a. The load application
method, the bending moment, and the nominal stress diagrams, respectively, are shown
in figure 5b.

od

a b
Figure 5. The specimen test subjected for rotating bending

76



Romanian Journal of Petroleum & Gas Technology
VOL. III (LXXIV) * No. 1/2022

According to [22], in the case of a request for rotating-bending, the aim is to change the
shape of the specimen test under the action of bending moments caused by the weights
suspended at the ends.

The specimen test is subjected to a bending stress o, [MPa], whose calculation
expression is given by relation (1).

M
o= m 1)
where:
o — bending stress, [MPa];
M — bending moment, [N-mm];
W — modulus of strength, [mm?®], defined by relation (2).
zd?
=3 )

The maximum stress that can be applied to the specimen test are determined, regarding
the values of the geometric dimensions of the specimen test, specified in table 2, and the
calculation relationship (3).

_32M
7d®
In experimental test started from a maximum stress the same with that from [16, 17]. In

table 3 are presented the results obtained, in which 61—c4 is bending stresses or load
stress and Nt that represents numbers of recorded cycles.

(o}

©)

Table 3. The results of test for four-block loading

Changing G1 02 o3 o4 N1 N2 N3 \P
thci/::cizd [MPa] | [MPa] | [MPa] | [MPa] | [cycle] | [cycle] | [cycle] | [cycle]
Low to 16 18 20 22 2.266 560 141 320

High
High to 22 20 18 16 70 141 560 20570
Low

Figure 6 shows the panel of the rotating-bending fatigue test machine to highlight the
number of stress cycles until which the specimen test does not break, respectively

No = 20570.
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Figure 6. Test machine panel

The frequency of the machine loading cycles was between 1000 and 9000 cycles /min.

The results recorded during the experiment were the basis for the diagram shown in
figure 7. This was built as a correspondence between the logarithm of lifetime, because
the number of cycles of failure can be very large, for the horizontal axis, and applied
stress range on the vertical axis. By fitting a curve to the data points to obtain what is
known as S-N (Stress-Number of cycles to failure) curve.

30

[l
5]

]
=]

Maximum stress [MPa]
[ [
S w

53]

=]

10 10° 10° 10* 10° 10° 107 10

Number of cycles N

Figure 7. Wéhler's curve for the PE 100 study

The dependence between the maximum applied stress to the specimen test and the
number of cycles on its rotational bending is approximately linear. Therefore, the
conclusion reached by [16] and [17], respectively, regarding the aspect of the rational
use of the Wohler’s curve modeling by Basquin’s equation, given by the expression (4),
is confirmed:

logo =-0.0728log N +log33.5 (4)
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The mentioned equation is commonly used for modeling the number of cycles-stress
curve of the PE 100 material. This curve is shown in figure 7. At the registration of
20570 stress cycles by the test machine, the integrity of the test piece was tested. As the
test piece did not break, its testing was discontinued.

The Locati method could be used to verify and validate the results. According with this
method, a single specimen test at stresses which increase in constant steps Ac was
tested. Each request was maintained a constant number of cycles n. The first test started
from a maximum voltage below the assumed fatigue limit, respectively or =16 MPa. It
is recommended that Ac = (10...30) MPa and n = 5-10* ... 2-10° cycles.

It started from the allure of the Wohler curve obtained by [16], which also validated
Miner's hypothesis. It was assumed that at each stress step, the strength of the material
is consumed in proportion to the ratio between the number of stress cycles per step and
the total number of stress cycles that the same test piece would withstand if required, at
the given load, until breaking. Thus, the relationship (5) was used.

ini/Ni=1 5)

A graph S-N shows a series of curves that also contain the initial curve, shown in figure
8.
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Figure 8. The diagram for application of Locati method

The sum of the cumulative degradations may be calculated. The results may be plotted
in a diagram like that from figure 9 and the curve that give Zni I'N, =1 will be useful

i=1
for determination fatigue strength or.
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Figure 9. The diagram for determination of fatigue strength cr

CONCLUSION

According to [16, 17], the use of Miner's Rule, DE and DS models for HDPE, originally
proposed for metallic materials, was for comparative purposes. Thus, for the axial
fatigue load of the specimen test, it was found that Miner's linear model can be a good
predictive tool for both the L-H and H-L loading cycles. The DS model can be
considered an appropriate model for predicting the lifetime of high-density
polyethylene. The DE model, similar in concept to the DS model, overestimates fatigue
strength in both load cases.

Compared to the results presented by [16, 17], it was shown that the values of the
number of cycles to failure, depending on the stress and strain are much lower in the
case of axial fatigue stress than those obtained at rotational bending fatigue.

Because at the registration of 20570 stress cycles by the test machine the specimen test
did not break and its testing was discontinued is recommended that a new rotating-
bending test to carried out. In this condition

An important conclusion would be that bending stresses (which can lead in PE pipes
buried at cross-section modification (roundness modification)) cannot lead to the failure
of PE pipes.
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