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Abstract

When installing overhead conductors on transmission lines, a static stretching load is applied to maintain the line clearance
according to the power line project and protect the conductor against harmful wind vibrations. The everyday stress (EDS)
and parameter H/w, which control the stretching load, has been proposed as a means of safely designing power lines against
fatigue due to wind excitation. As the stretching tension increases, the conductor becomes more vulnerable to Aeolian vibra-
tion, as its self-damping capacity is reduced and mean stress increases, can cause premature failure. However, there is a gap
in the literature regarding the mean stress effect study on the fatigue life of conductors, as the modeling of the EDS (or H/w)
effect on conductors. The diversity of conductor types (shape, materials, and arrangement) is one of the main reasons for this
gap. Therefore, this work develops a master curve that allows predicting the fatigue life for any conductor about the effects
of mean stress. To assess the mean stress effect on fatigue life, the SWT and Walker approaches with fatigue test results (car-
ried out using different values of stretching load) were used to create the master curves and validate the application of such
criteria to the fatigue life of different conductor families. This master curve provides a practical and simple tool that allows
the prediction of fatigue life with an elevated level (three times the lifetime) at low cost, covering a variety of conductors.
The power line transmission community could use a more conservative curve.

Keywords Master curve - Conductor fatigue - Estimated life - Mean stress - Overhead conductor - S-N curve

1 Introduction

Overhead conductors are complex structural components
whose mechanical performance depends on many param-
eters, such as geometry, material properties, and mechanical
loads. One of the most frequent causes of failures in over-
head conductors is fatigue caused by the vibration process
induced by the action of moderate winds [1-4]. Typically,
this failure process occurs in the assembly conductor/sus-
pension clamp region, the bending stress is generated due
to movement restriction and Aeolian vibration. Besides the
dynamic stress caused by the wind, the conductor is also
submitted to static loading, due to the stretching load applied
when installing the transmission lines. The primary function
of this load elongation is to control the clearance (minimum
distance between the ground and the maximum conductor
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deflection point). A prescribed axial load is applied to induce
a nominal stretching load called EDS (Everyday Stress) [5].
In addition to controlling clearance, EDS also controls other
parameters such as the conductor's self-damping level (the
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higher the EDS, the lower the self-damping), the mean stress
in the conductor strands (the higher the EDS, the higher the
mean stress in the strands), and the contact pressure between
the conductor (the higher the EDS, the higher the contact
pressure). Thus, depending on the EDS levels adopted in
the transmission line design, the overhead conductor may
become more susceptible to premature fatigue failure due to
the wind vibration process [1-4, 6, 7]. Although the effect
of the presence of mean stress is still a subject much studied
by the fatigue community, as far as it is known, there are not
many studies reported in the literature that seek to evaluate
the effect of the mean stress produced by the stretching load
on the fatigue behavior of the aerial conductors. In general,
these studies present experimental results of specific con-
ductors that prove that the stretching load influences the
fatigue life and propose particular methodologies that allow
considering the influence of average stretching loads on the
fatigue life of conductors [2, 8-10, 11].

The Conseil International des Grands Electriques
(CIGRE), or International Council on Large Electric Sys-
tems, has proposed the use of a reference fatigue curve for
conductors known as the CIGRE Safe Border Line (CSBL)
to ensure the safety and reliability of transmission lines sub-
ject to mechanical fatigue [12]. According to [12], the CSBL
can be used when the actual S-N curve for a conventional
aluminum-based conductor is not available. However, it is
important to note that while the CSBL is considered a “uni-
versal” and naturally conservative curve, its use can lead to
incorrect life predictions because it does not consider the
level of EDS acting on the conductor, which prevents design-
ers from consistently evaluating the effect of this important
parameter on the fatigue behavior of the overhead conductor.
Therefore, it is important to exercise caution when applying
the CSBL and consider strategies or models that allow the
influence of this important parameter on conductor fatigue
behavior to be incorporated, ensuring safer and more reliable
operation of electric power transmission lines.

Studying the fatigue behavior of an overhead conductor
composed of strands made from Al 1350 alloy (pure alu-
minum) with a steel core (ACSR conductor), Fadel et al. [2]
demonstrated a 50% reduction in its fatigue life when the
tensile load was increased from 20 to 30% of the RTS (Rated
Tensile Strength). Pestana et al. [8] expanded on Fadel et al.'s
[2] experimental analysis and developed a strategy to predict
the fatigue life of this conductor using artificial neural net-
works (ANN). Using a similar ANN structure to Pestana et al.
[8], Kalombo et al. [9, 11] analyzed the fatigue behavior of
an overhead conductor composed of aluminum alloy strands
(A1 6201-T81) under three different stretching load levels. In
a similar vein, Camara et al. [10] complemented the works of
Pestana, Kalombo, and Fadel, showing that an ANN can also
be used to estimate the fatigue behavior of overhead conduc-
tors composed of all aluminum conductor strands (AAC) and
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aluminum conductor alloy-reinforced strands (ACAR). The
study aimed to evaluate the adequacy of the experimental
results, and the increase in the number of experimental data
confirmed the effectiveness of the ANN approach in predict-
ing the fatigue behavior of these conductors. However, the
network trained with a single conductor did not allow for the
estimation of the behavior of multiple conductors simultane-
ously, and a larger amount of data is required to increase the
confidence level of the fatigue life behavior estimation using
ANN. Additionally, the use of ANN analysis presents a high
computational cost due to data processing time.

To address these challenges, other researchers have also
explored, from a mechanical point of view, more sophis-
ticated approaches to assessing fatigue life prediction in
overhead conductors. One of these approaches is a numeri-
cal methodology combined with experimental tests, which
allows the description of mechanical interactions during
strand contact. Lalonde et al. [13] proposed an FE model
approach using beam elements to describe strands geom-
etry and contact interactions, offering a solution for internal
element variations of multilayer strands through 3D simu-
lations of different pitch lengths of strand segments from
affordable computational resources. Rocha et al. [14] and
Pereira et al. [15] investigated the behavior of fretting fatigue
in aluminum strands and used Walker's model to improve
predictions. In 2020, Matos et al. [16] conducted fretting
fatigue tests on 6201-T81 aluminum alloy strands taken from
conductor AAAC 900 MCM. The development of a predic-
tive design tool enables transmission line designers to esti-
mate the fatigue life of conductors based on different mean
loads and stresses, helping to determine the most appropriate
overhead conductor to use. However, the contact problem
model is simplified and does not cover the entire conductor,
and analysis presents a high computational cost due to data
processing time.

Although the use of artificial neural networks (ANN)
and numerical models, in combination with laboratory
tests on strands, have significantly advanced the pre-
diction of fatigue behavior in overhead conductors, the
complexity of these methods often requires advanced and
complex software, making their use and interpretation of
results difficult. As a result, their practicality is limited
and their use by concessionaires is hindered. Therefore,
it is essential to develop a methodology for predicting the
life of overhead conductors under different tensile loads
that is mechanically consistent and relatively simple to
use, in order to make it more practical for utilities. To
provide a more practical and mechanically consistent
approach, this research aims to evaluate the feasibility of
developing a “universal” fatigue curve for overhead con-
ductors. In this regard, the authors will use fatigue data
available in the literature and generated by themselves to
define a new “universal” curve (master curve), which will
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allow for the estimation of the effect of both aeolian and Eadp2
stretching loads on the fatigue life of overhead conduc- (@)

tor. The proposed master curve will be developed using
the Smith—Watson—Topper (SWT) and Walker models,
which are commonly used to characterize the effect of
mean stress on the fatigue behavior of metallic materials.

2 Bibliographic review
2.1 Bending stress

During aeolian excitation, the conductor undergoes cyclic
movement, inducing bending stress in the overhead con-
ductor. Fatigue generally occurs at points where conduc-
tor motion is restricted against transverse vibration, such
as at suspension clamps (see Fig. 1). Fatigue failures can
occur at contact points of strands-to-strands and strands-
to-suspension clamps [1, 17]

Poffenberger and Swart developed a mathematical
model to calculate the bending strain or stress in the outer
layer of the overhead conductor's aluminum strand at
89 mm from the last point of contact between the conduc-
tor and the suspension clamp (LPC) [9, 18]. In this math-
ematical model, this part of the conductor near the suspen-
sion clamp is considered a Euler beam. Thus, the bending
stress on the outer layer of the aluminum strand conductor
was calculated from the vertical amplitude measured peak-
to-peak at 89 mm from LPC, using the Poffenberger-Swart
formula Eq. (1).

S, =KY, (1)

where S, is the nominal stress amplitude (zero to peak); Y, is
the overhead conductor vertical displacement range (peak-
to-peak) measured at x mm from LPC; and K represents the
Poffenberger parameter, given by:

Fig.1 Schematic montage of
the conductor and the suspen-
sion clamp showing the meas-
ured position of the bending
amplitude and the LPC
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where, E, (MPa) is the aluminum Young’s modulus; d (mm)
is the diameter of the outer layer strand; x. is the distance on
the conductor from the LPC and the vertical displacement
measuring point, (usually x=89 mm); and:

_. /T
P=\E

where T(N) denotes the static conductor tension at aver-
age ambient temperature during the test period; and EI
(N - mm?) is the flexural stiffness of the overhead conduc-
tor, whose minimum value is:
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where n,, d,, E, are the number, individual diameter, and
Young’s modulus of the aluminum strands, respectively; and
n,, d,, E represent the above parameters but applied to steel
strands. The conductor in this approach, different from its
original helical form, is described as a bundle of individual
strands that are free to move and touch one another, and the
minimum value (EI ;) for flexural stiffness is considered.
When the overhead conductor vibrates at smaller bending
amplitudes, the strands stick together. Therefore, the conduc-
tor behaves as a solid rod, increasing its flexural stiffness to
the maximum. Some approaches to calculating the value of
EI that consider the stick—slip between strands, which is the
dynamic bending stress, can be found in Papailiou [19, 20].
Note that, when it comes to overhead conductor made up
of strands with non-circular cross sections, the application
of Eq. (4) for calculating the EI parameter is not appropriate.
In such cases, it is necessary to use other way that allow for
the precise calculation of this parameter, according to the
strands’ cross section. To address the calculation issue, we
have modified Eq. (4) to a generalized form presented on

89 mar H/w (LDS
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"
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Eq. (5), where EI 4 represents the overall flexural rigid-
ity, Ej is the modulus of elasticity, and I_,- is the moment of
inertia for each layer (including the core), calculated using
the Steiner's theorem [21]. This modification allows for
improved calculation of EI_ 4, considering the specific
characteristics of each layer in non-circular cross sections
such as Trapezoidal and Aero-Z shapes.

J

Elcond = 2 EJIJ (5)
J

where J represents the number of layers.

2.2 Stretch load control parameters

The presence of a tensile load on the conductor is impor-
tant to ensure a minimum clearance between it and nearby
objects, thus avoiding physical contact between the electrical
conductor and these objects. However, as mentioned earlier,
the presence of this load can impair the fatigue behavior of
the overhead conductor. This is because the load reduces
the self-damping capacity of the conductor and induces the
appearance of average stresses in the wires, which in turn
reduces their fatigue behavior. In 1960, CIGRE convened
the Everyday Stress Panel to investigate the problem and
define possible limiting parameters of the loads that could
be applied for this specific purpose, while ensuring the
safety of transmission line conductors against fatigue caused
by aeolian excitation. The panel aimed to investigate the
fatigue caused by wind excitation in electric power trans-
mission lines and recommend possible limiting parameters
of the loads that could be applied to ensure the safety of the
conductors. As a result, the Everyday Stress Panel recom-
mended the adoption of an upper limit of tension on the
conductor in transmission lines to maintain its service life.
The panel emphasized that to establish the maximum safe
tension limit, it is important to consider, in addition to the
fatigue resistance of the conductors, factors such as environ-
mental conditions and local topography. The EDS, expressed
as a percentage of the specified tensile strength (RTS) of
the conductor, is defined as the maximum stretch load that
the conductor can be subjected to at a temperature that will
occur for the longest period without risk of damage due to
wind vibrations, according to references [5, 22]. However,
field observations have reported fatigue of power lines even
when using the value suggested by CIGRE for EDS [1, 23,
24]. Therefore, it is known that the EDS parameter may be
insufficient given the recent damages found in power lines.
In 1999, CIGRE adopted the catenary parameter as a solu-
tion. This parameter represents the ratio between the ini-
tial horizontal stretching load (H [N]) and the weight of the
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conductor per unit length (w [N /m]). The H/w [m] parameter
presents some advantages compared to EDS, affecting other
parameters involved in dynamic behavior, such as natural
frequency and self-damping, material fatigue behavior, and
wire contact conditions, according to references [5, 10, 22,
23,25].

2.3 Procedure for evaluating the mean stress acting
on the strands of a conductor

The concept presented in this paper is an approach based on
a master curve that helps estimate the fatigue life of several
conductors subjected to fatigue tests under different values
of stretching stress (H/w parameter). Each H/w value is
related to the mean stress (S,,) of the conductor, which is
calculated according to Eq. (6).

H
S, = —
8P (©)

where g is the gravity acceleration [m / s2] and p,, is the alu-
minum density [kg/m?]

3 Strategy to evaluate the master curve

To solve the problem of predicting the fatigue life of overhead
conductor considering different stretching loads, it is neces-
sary to express the alternating and mean stress components
through simple relationships. In this paper, we adopt Egs. (1)
and (6) to calculate the nominal alternating, S,, and mean,
S,.» stresses. We also define a model that allows estimating
an equivalent stress, S, that represents the pair (Sm, S a). We
thus propose that a master curve that represents the effect of
the stretching load on the fatigue behavior of conductors can
be obtained by defining the state of nominal stresses (S,,,,S,,)
acting and through approaches that account for this pair of
stresses over the life of the strand material.

To obtain the master curve, we first present the best meth-
ods for estimating mean stress effects in aluminum alloy
and then look at the ability of these methods to correlate
stress-life data of the various overhead conductors tested
with different stretching loads. This procedure is divided in
two stages: calibration and validation. In the first stage, part
of the experimental data is used to calibrate the researched
criteria through the technique named interpolation. In the
second step, the other part of the experimental data is used
to validate the models from the calibration. Thus, this pro-
cess makes it possible to determine the most appropriate
criteria to represent the behavior of the analyzed conductor
about the impact of average stress on its fatigue life. The
obtained results are then analyzed and interpreted to define a
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master curve for overhead conductor fatigue design, capable
of withstanding various stretching loads Methodologies for
the Prediction of Mean Stress Effect.

Various methodologies have been developed to account
for the effect of mean stress on the fatigue response of metal-
lic materials. These include Gerber [26], Goodman [27],
Morrow [28], Smith—Watson—Topper (SWT) [29], and
Walker [30], among others. According to studies [28, 31,
32], the Goodman methodology lacks precision but is safe
as it predicts failure before it occurs. On the other hand, the
Morrow methodology accurately represents the behavior of
steel in general but is less accurate when representing the
behavior of aluminum alloys. The Gerber methodology tends
to be imprecise and, more seriously, is non-conservative as
it predicts failure after it occurs. The SWT methodology
correlates to the experimental fatigue data for most of the
structural metals and appears to work particularly well for
aluminum alloys [28, 33], and its generalization into the
Walker formula provides even better results [34]. For this
reason, only the Smith—Watson—-Topper and Walker rela-
tionships will be evaluated for their ability to correlate the
stress-life data of the various aerial conductors tested with
different stretch loads.

3.1 Approach proposed by Smith-Watson-Topper
(SWT)

This methodology was proposed by Smith et al. (1970) to
predict fatigue failure in materials that fail due to crack grow
that develops in planes of maximum stress and strain. For
fatigue life prediction using a stress-based approach (S—-N
curve), the SWT relationship is calculated, as shown in

Eq. (7).

Sar SWTNk =C (7)

where S, 7 18 the fully reversed stress equivalent according

to the SWT approach (S,, = 1/S,(S,+S,,)) and k and C

arswr
are material parameters fitted from fatigue test data per-
formed following ASTM E466 Standard [35]. In this stand-
ard, the geometry, dimensions, and surface finish of the
specimens, as well as the loading conditions, are defined.

3.2 Approach proposed by Walker

In 1970, Walker independently presented an expression very
much alike that proposed by Smith et al. (1970) but using a y
factor, which is an empirical parameter that changes between
0 and 1, representing the maximum and minimum sensitivity
to the load ratio, respectively Eq. (8).

S,

a

swlVE=C (8)

where S, is the fully reversed stress equivalent according
to the Walker approach (S, =5 (Sa + Sm) 1_7), kand C

A Walker
are the same material parameters used in Eq. (7), and the
quantity y is a fitting constant that may be considered to be

a material property.

3.3 Parameter estimation of master curves using
Smith-Watson-Topper and Walker equations

As previously mentioned, the Smith—Watson—Topper
equations (Eq. (7)) and the Walker equation (Eq. (8)) are
characterized by the parameters C, k, and y. To estimate
these parameters, we assume that: a) The logarithms of the
experimentally observed fatigue life, N, are independent of
each other and that their probability distribution is approxi-
mately symmetrical and bell-shaped; b) The distribution of
the residuals of the logarithm of the fully reversed equivalent
voltage, S,., must be approximately symmetric and centered
on zero, and that the variance of the residuals is constant
over the entire range of log(N) values, and that the residu-
als are independent of each other. By representing Eqgs. (7)
and (8) in linearized form, we obtain the resulting equations
presented in Egs. (9) and (10):

Log< Sa(Sa+ Sm)> = Log(Cswr) = kswr Log®N)  (9)
and
Log(SZ (S, + Sm)l_y> = Log(Cy) — kyLog(V) (10)

where Cgyr, Cy, kewr, and ky, represent the constants and
exponents of the master curves considering the approaches
proposed by Smith, Watson and Topper, and Walker,
respectively.

Upon analyzing Eq. (9), it is noted that the technique of
linear regression can be directly used to estimate the Cygyp
and kg, parameters that characterize the Smith—Watson—Top-
per relationship. On the other hand, the linearized form of
the Walker relationship, given by Eq. (10), requires the esti-
mation of three parameters, Cy, ky,, and y, which character-
izes Eq. (10) as a hyper parameterized function. To obtain the
parameters characterizing the effect of S, and S,, stresses on the
fatigue life of the overhead conductor, N, a combination of the
grid search optimization method [36] and the linear regression
method will be adopted in this study [37]. Specifically, given
the known valid range of y, a simplified form of the grid search
optimization strategy is employed, where only the value of y is
varied within its range. For each value of y, linear regression
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is performed to estimate the values of Cy, and ky, based on
experimental data. Once Cy, and ky;, have been determined, the
coefficient of determination, R2, is calculated to evaluate the
quality of the fit for each value of y. After performing linear
regression for all values of y, the (y, Cy, ky,) set resulting in
the highest value of R? is selected as the best fit for Eq. (10).

3.4 Prediction interval estimation of the fatigue
lifetime prediction models

Considering that (9) and (10) can be represented in a simpli-
fied way by the statement (11) and assuming that X and Y
are normally distributed and the variance of the errors of the
dependent variable is the same for all sample observations
[38,39].

Y =A+bX (1)
where X is equal log(N), Y is equal Log< S.(S,+S,) > or

Log(S1(S,+5,)' ™). A s equal Log(Cyr) or Log(Cy),
and b is equal kg or ky,.

For the case where the S—N relationship is described by the
linear model Y = A + bX (or py |y = A + bX), the log-normal
distribution describes the fatigue life N [40]. So, considering
that the parameters for A and b can be estimated by statisti-
cal method from the fit of the experimental data [38, 39, 41],
Eq. (11) will take the form.

Y, =A+bX £, (12)

where Y, is the true or real value of an observation of the
dependent variableY, A and b are the estimated coefficients
obtained from the statistical method, Xl?" represents the
observed value for the independent X, and A is the measure
of uncertainty or error in the prediction, which represents
the difference between the real value of ¥; and the predicted
value Y7 (= A + bX?).

In this particular application, we can calculate the meas-
ure of uncertainty by determining the standard error of the
estimate for the linear regression model, whose expression is
defined in Eq. (13).

A; = byt,, (13)

where 6, represents the residual standard deviation of the
response variable, such that

—\2
! (x-7) ~
Oy =Syxa|l+| -+ | ——==| ], sothat Syy is a stand-
i n Vv
2(-7)
ard deviation of the residuals, » is the total number of test
specimens (the total sample size) and the 7, , is a critical
value to z-distribution such that the parameter v represents
the number of degrees of freedom of the distribution and the
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parameter « represents the significance level (one-tailed),
that is, the probability of rejecting the null hypothesis when
it is true — in the specific case: reject the condition of
Y.y <Y —6y1,,. Based on the representative data of X and
Y and the estimated values of A and b, we can calculate the
values of A;, which represent the uncertainty or error in pre-
dicting the value of Y for each observed value of X. We can

follow these steps to calculate A; using Eq. (13):

1. Calculate the mean of the X values, X.
2. Calculate the sum of the squares of the differences

N\ 2
between each X value and the mean of X: Y, <Xi -X )

3. Calculate the residual standard deviation, Syy:

4. Calculate the residual standard deviation for each X;
value, 5X,-'

5. Determine the critical value for the Student's t-distri-
bution, t4.,» Such that v = n — 2 (where 7 is the sample
size).

6. Calculate A, for each X; value using Eq. (13).

Although the relationship between 6, (5Log(P*)) and X,
(Log(N;)) can exhibit a generally nonlinear behavior, the
authors aim to determine the lower limit prediction curve for
constructing a master curve based on the probability of fail-
ure. To this end, they make the hypothetical assumption that
the variation of 6y is sufficiently small within the analyzed
range to approximate it by its mean value. This assumption
further enables them to assume that the standard error of the
estimate, A, is constant, which greatly facilitates the con-
struction of a curve that defines failure conditions as a func-
tion of the predicted confidence level. We will use heuristic
procedures to validate the hypothesis that 6y is approxi-

mately constant and equal to its mean value, 3),. This will
involve presenting and analyzing a scatter plot between X;
and 6y, evaluating the behavior of the function that best rep-
resents this relationship, and analyzing the mean, standard
deviation, coefficient of variation, and range of variation of
Sy, [38].

Thus, once the hypothesis is validated, to discover the
equations that define the prediction bands (lower and upper
bands) we apply in Eq. (12) the logarithm and power rules.
Follows the sequence of rules application (Eqgs. 14-17).

log (8,,) =blog(N) +A + A (14)
10%0e(0) — 10(og (N°)+A£4)) (15)
10%0e(3a) = lo(long’)lo(AtA) (16)
§ = 10(=2) NP (17)
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From Eq. (17), it is possible to obtain curves that repre-
sent the mean relationship between the alternating stress,
S, (based on Smith—Watson—Topper and Walker criteria),
and the number of cycles until failure of the component, N.
The parameter A in this equation represents the measure
of uncertainty or error in the prediction. Hence, consider-
ing this parameter, it is also possible to obtain curves that
characterize the upper and lower limits of the uncertainty in
predicting the values of S,,. The upper curve obtained for +A
is the upper limit of the confidence interval and represents
the maximum value that the dependent variable can assume
with a certain level of confidence. Similarly, the lower curve
obtained for —A is the lower limit of the confidence interval
and represents the minimum value that the dependent vari-
able can assume with a certain level of confidence. In this
context, choosing the lower curve as a design curve allows
defining a conservative trend curve that takes into account
the lower limit of the probability distribution of the pre-
dictions. This curve represents the limit below which the
probability of the actual response being below that value
is equal to the chosen significance level. Therefore, using
this curve as a design curve implies a conservative decision,
as it assumes that the actual response is likely to be above
this curve. However, it is possible to control the degree of
conservatism of this approach by choosing the appropriate
significance level. The lower the chosen significance level,
the more conservative the lower curve will be. In this sense,
from a conceptual point of view, the approach proposed here
is a viable alternative, as it allows obtaining curves that char-
acterize the fatigue behavior that take into account the asso-
ciated uncertainties, considering the typical test conditions
adopted in fatigue tests of overhead conductor (long test time
and type of test classified as preliminary and exploratory
[40]) Although other approaches, such as the one used for
the definition of the P-S—N (Probabilistic-S—N) curve [39,
41], can be applied to the fatigue analysis of overhead con-
ductor, it is important to consider that the method proposed
here offers a feasible and practical alternative, capable of
taking into account the most different types of energy con-
ductors subjected to the most diverse stretching conditions.
Since to use the P-S—N curve a number of experimental data
should be large to evaluate experimental variability and scat-
ter, that can be unpractical due to the high duration of fatigue
tests [42]. Additionally, an optimization algorithm can be
required, taking a long “computational time” to estimate the
design curves, for example [42].

4 Calibration of fatigue curves
and comparison with experimental data

In order to test this strategy, 179 experiments were con-
ducted to correlate fatigue life with various combinations
of tensile load and peak-to-peak vibration amplitude. These
experiments included tests on the following families of over-
head conductors: AAC (a conductor composed solely of Al
1350-H19), ACSR (a conductor with a steel core and layers
of 1350-H19 aluminum wires, which can have either a cir-
cular or trapezoidal shape), Aero-Z (a conductor with layers
of 1350-H19 aluminum wires in a Z shape, with two types
of core: steel or composite), AAAC (a conductor composed
solely of aluminum alloy wires Al 6201-T81 or Al 1120
aluminum wires) and ACAR (a conductor with an aluminum
alloy core of Al 6201-T81 and external layers of 1350-H19
aluminum wires). Table 1 present the Mechanical and Geo-
metrical Properties of this conductors.

All fatigue tests were performed on the GFFM labora-
tory — UnB. The bench was previously described in other
publications [2, 6, 43]. The conductor is stretched at the
recommended value of H/w after the conductor was fixed
on the bench and mounted on the suspension clamp. These
tests were carried out according to IEEE (Institute of Electri-
cal and Electronics Engineers) and CIGRE standards. Each
conductor’s fatigue test was completed when the number of
strands broken was 10% of the total number of conductor
aluminum strands [3, 37].

The bending stress (S,) of the conductor is calculated
using the P-S equation, and the bending displacement peak-
to-peak (Y}), measured at 89 mm from the LPC, was con-
trolled during all tests. A § — N diagram was generated at the
end of each test (three tests by bending stress under different
values of H/w parameter) for each overhead conductor ana-
lyzed. The mean stress of the conductor is calculated accord-
ing to Eq. (6). In Table 2, the values of H/w parameter, the
levels of bending stress (S,) considered during the experi-
mental program, the mean stress (S,,), and the Poffenberger-
Swart constant (K') are presented.

5 Results and discussion
5.1 Fatigue tests

The scatter plots and the S—N curve generated using the
results of fatigue tests performed with the stretching condi-
tions described in Table 2 are shown in Fig. 2. To generate
the graphs of this figure, 179 fatigue tests were considered,
in the most diverse stretching conditions. The fatigue data
were grouped considering the H /w parameter; that is, graphs
2.a,2.b, and 2.c present the curves obtained with H /w levels
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equal to 1820, 2144, and 2725 m, respectively. A fourth
graph (2.d) was constructed considering tests performed
under other H/w conditions.

In the scatter plots, the fatigue life, N, is plotted in
abscissa on a logarithmic scale and the Poffenberger-
Swart stress, S, is plotted in the ordinate on a linear scale.
Each type of conductor is represented by a different mark,
which makes it easy to identify. The solid line represents
the best fit S—N curve that correlates fatigue life (V) with
the stress amplitude calculated using the Poffenberger-
Swart formula Eq. (1), S,. The dashed lines represent the
lower and upper limits for the predicted fatigue life range
calculated through the fitted S—N curve (in general, an
approach used to predict fatigue life is considered to have
good accuracy when experimentally observed lifes vary
between one-third and three times the estimated life using
the approach).

Analysis of graphs 2(a) to 232(c) indicates that as the
H/w parameter increases (consequently the mean stress,
S,.), the experimental points shift to the left, indicating that
a lower P-S stress, S, is required to induce failure in the
conductor for the same life NV, regardless of the conductor
type. Furthermore, when comparing Fig. 2a with c, it was
observed that for all five conductor types, on average, an
increase in the H/w ratio from 1820 to 2725 m results in
areduction of fatigue life by approximately 50%, bringing
it very close to the CIGRE Safe Border Line. Despite the
clear relationship between Poffenberg-Swarts stress (P-S
stress) and fatigue life, a more detailed analysis of the
graphs in Fig. 2a—d reveals that the estimated fatigue curve
based on these parameters (summarized in Table 2) fails
to account for the influence of the H/w parameter on the
fatigue behavior of conductors. This is best demonstrated
by examining graph 2(e), which presents the S-N diagram
incorporating all experimental results from Fig. 2a—d. This
graph displays both a) the trend curve, represented by a
solid line, and b) the confidence bands for 3 lifes, shown
as dashed lines, allowing for visualization of the confi-
dence intervals for the mean life, as well as for the lower
and upper lifes. While the graph indicates the existence
of a trend line correlating P-S stress with fatigue life, it
is important to note that its coefficient of determination,
which measures the quantity of data variance explained by
the fitted model [45], is extremely low (R? = 0.15), and that
a relatively large amount of experimental data falls outside
the region defining the 3-life prediction band. Therefore,
using this curve in practice would be counterproductive,

C10

ACAR
Round strand
25.32

18

12-6-1

3.62

1.05

84.71

Round strand Al

C9
1120
26.53
3.79
1.15
95.21

30.06
3.79
1.47
151.96

C8
18-12-6-1 24-18-12-6-1 18-12-6-1

C7
AAAC
27.74
3.96
1.25
131.66

C6
24.00
18-12
1.07
105.02

Aero Z
18.30
16-10
2.24
0.82
65.76

C5
Round strand Steel core Composite core Round strand Al 6201

c4
27.03
21-15-9
3.38
225
1.34
98.20

C3
strand
18.30
26
2.24
0.82
62.05

25.20

26

7

3.97
3.09
1.30
112.10

ACSR

C2
Round strand Round strand Trapezoidal

23.30

37
50.50

Cl
AAC
3.33
0.89

Aluminum Alloy

Steel

Aluminum

Steel

Linear mass (kg/m)

Aluminum

strands (mm)

Table 1 Mechanical and geometrical properties of the conductors

Conductor diameter (mm)
Diameter of
Rated tensile strength (kN)

Conductor
Number of
strands
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Table2 Fatigue test parameters (o rhoad conductor  H/w[m] EDS [%] K [MPa/m] S, [MPa] S, [MPa] Reference
for each overhead conductor
AAC (C1) 1820 31 30.9 26.8 282 314 483 [44]
2144 37 32.5 56.9 [44]
2725 47 35.1 72.3 [44]
ACSR (C2) 1757 20 34,1 31.1 328 345 46.6 a
ACSR (C3) 1433 20 30.5 322 357 387 30.0
ACSR (C4) 1820 24 32.0 26.8 282 314 483 [44]
2144 29 33.7 56.9 [44]
2725 36 36.4 72.3 [44]
Aero-Z (C5) 1642 20 32.0 259 282 294 436 a
Aero-Z (C6) 1995 20 32.0 28.0 29.8 315 529
AAAC (C7) 2144 20 34.8 278 31.0 346 569
AAAC (C8) 1820 17 30.6 282 314 346 483 [9]
2129 19 322 56.4 a
2144 20 324 56.9 [9]
2725 26 35.0 72.3 9]
AAAC (C9) 1820 19 32.7 268 282 313 483 [41]
2144 25 33.9 56.9 [41]
2725 32 36.4 72.2 [41]
ACAR (C10) 1820 22 32.0 26.8 282 313 483 [44]
2144 26 33.5 56.9 [44]
2725 33 36.1 72.3 [44]

“The data without reference means that the tests were carried out by authors this paper

as it does not fully explain this relationship. This result
emphasizes the need to explore other strategies that can
show the influence of mean stress on the fatigue behavior
of conductors in order to obtain more accurate and reliable
results.

5.2 Adherence of the models to the experimental
results

To assess the effectiveness of the proposed strategy for
generating master curves that describe the fatigue behav-
ior of conductors subjected to different tensile loads, with
the SWT and Walker models as references, we used 123
sets of experimental data to fit the fatigue curves accord-
ing to these models. The results of this analysis, presented
in Table 3, revealed that the coefficient of determination
of the §,, — N curves increased to 0.54 and 0.55 for the
SWT and Walker models, respectively. These findings are
relevant to engineering applications and can serve as a basis
for further studies and decision-making processes. Notably,
the use of the Smith—Watson—Topper and Walker equivalent
stress parameters led to a significant improvement in the
coefficient of determination for both models, compared to
the use of the Poffenberg-Swarts stress amplitude param-
eter (R? = 0.15). It is worth noting that the fitting function
obtained by considering the SWT model showed slightly
lower correlation coefficients than the fitting curve estimated

by considering the Walker model, so we focused our analysis
on the SWT model (which, in theory, should present slightly
worse predictions).

Figure 3 shows the correlation between the SWT param-
eter and fatigue life. The circles on the graph represent the
123 experimental data points used to calibrate the SWT
curve. The plus markers represent the 56 experimental tests
conducted with an H/w ratio of 2144 m. These 179 experi-
mental data points will be used to evaluate the accuracy of
the life predictions based on the master curves. The SWT
model effectively captures the effect of mean stress, as all
the experimental data points correlating the SWT equivalent
stress with fatigue life fall within the 3-life prediction band.
Even when considering only the 56 experimental data points
conducted under H/w=2144 conditions to evaluate life pre-
dictions, the results remain accurate, with all points falling
within the region delimited by the 3-life prediction band.
These outcomes reinforce the potential of our approach to
significantly enhance the quality of the life predictions for
overhead conductors under different stretching loads, mak-
ing it a valuable tool for fatigue analysis.
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Table 3 Equivalent stress-life fitting constants g: 3.0x10>
Approach Master Curve Parameters éo SrogPwaen = 119X 1071 = 29 x 1072 Log(N) + 2.3 x 1073 Log(N)?
o =1 ~1 — 2.8x1072 Lo, 2% 1073 Lo, 2
C[MPa] y R2 Ag Slog(Pewr) = 114X 1071 — 2.8 x 1072 Log(N) + 2.2 X 10~ Log(N)
s}
S,—-N 93.77 0.079 - 0.15 B * .. o ®
. -2
SWT Interpolation 309.65 0.125 0.5 0.54 g 2.5x10 ° oo —e o O
Walker 381.62 0.134 042 0.55 ] D S T
E
<
»n
. . . . S o SWT
5.3 Estimation of the is a measure of uncertainty, 2 * Walker
A, and the parameters of the master curves 8 2.0x10'; - é 6.5 )

for predicting the fatigue life of conductors
for different levels of reliability

In this topic, we will discuss the results of a fatigue life
prediction analysis of conductors at different reliability
levels. In the first part, we will validate the hypothesis that
in the case under study the variability of the residual
standard deviation &y (5L0g(P*)) is small, which allows us
to assume that its value is constant and equal to its mean.
Next, we will estimate and discuss the master curve
parameters in relation to the implications for predicting
the fatigue life of conductors.

5.4 Analysis of the behavior of the uncertainty
measure 5y and A,

In Fig. 4, a scatter diagram is presented correlating the loga-
rithm of life and the standard deviations of predictions for
individual values of the Smith—Watson—-Topper (5L08(P5'WT))
and Walker (6L0g( PWM”)) parameters' logarithms. This figure
clearly shows the existence of a dependency relationship
between 6;,,p ) € Log(N). By applying curve-fitting tech-
niques, it is found that the best relationship between these
variables is a quadratic one (see fitting equations presented
in Fig. 4). However, it can also be observed that the vertex

~
o
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o
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o
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I
o
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Smith-Watson-Topper Parameter, Py, [MPa]
N
o

10° 10
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(@

n

=
o

7

Log(N)

Fig.4 Diagram correlating the logarithms of Fatigue Life, Log(N),
with the residual standard deviation of the predictions of the indi-
vidual values of the logarithms of the Smith—Watson—-Topper
(Log(é PSWT)) and Walker (Log(épwkﬂ)) parameters

of the parabola is located at the center of the range of the
analysis interval, and that the coefficients of the quadratic
and linear terms are, respectively, two and one order of mag-
nitude lower than the coefficient of the constant term. Addi-
tionally, as showed in Table 4, the difference between the
maximum and minimum observed values is of the order of
6E—4 (approximately 2% of the constant term's coefficient).
Therefore, based on these pieces of information, assuming
that 6;,,p ) is small, which allows us to assume that its value
is constant and equal to its mean, proves to be a reasonable
hypothesis from an engineering standpoint.

Once it has been demonstrated that the variability of the
uncertainty measure 6y is small and that its value can be
assumed as constant and equal to its mean, we can now esti-
mate the values of Ay using Eq. (12), making it possible
to estimate prediction intervals for fatigue life curves, and
allowing the construction of prediction curves based on the
probability of failure using Eq. (17). Table 5 presents the Ay,

50F

»
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w
o
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O Tests conducted with H/w rations of 1820, 2725, and other H/w conditions
+ Tests conducted with H/w rations of 2144

Smith-Watson-Topper Parameter, Py,
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Fig.3 Diagram correlating the fatigue life, to a Smith—Watson—Topper Parameter, and b Walker Parameter
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Table 4 Statistical parameter of

Residual Statistical parameters
OLog(p.,) Std. Dev.
Mean Std. Dev. COV (%) Min. Max. Range
S Log(Psyr) 2.436E-2 1.196E—4 0.49 2.426E-2 2.486E—-2 5.988e—4
S Log(Per) 2.545E-2 1.249E—4 0.49 2.353E-2 2.597E-2 6.256E—4
[es B sweslle Ao o0 w5 A 4o b
SWT 5.0 1.657 0.0244 0.0404 2.491 282.24 0.125 0.5
Walker 0.0255 0.0422 2.582 346.59 0.134 042
SWT 2.5 1.979 0.0244 0.0482 2.491 277.19 0.125 0.5
Walker 0.0255 0.0504 2.582 340.11 0.134 042
SWT 1.0 2.358 0.0244 0.0574 2.491 271.37 0.125 0.5
Walker 0.0255 0.0600 2.582 332.66 0.134 0.42
SWT 0.01 3.386 0.0244 0.0976 2.491 249.70 0.125 0.5
Walker 0.0255 0.0935 2.582 304.79 0.134 0.42

values as a function of the ¢, values. This table presents the
values necessary to calculate the values of the constants C,
considering critical values of the t distribution associated
with the significance levels of 5.0%, 2.5%, and 1%.

In order to visualize more comprehensively the relation-
ship between the parameter C, and the significance level, we
constructed the graphs presented in Fig. 5a, b, which show
the general behavior of this parameter as a function of a,
considering, respectively, the SWT and Walker criteria (rep-
resented by solid lines). Additionally, in these same figures,
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we present a curve that represents the relationship, K,
between the nominal life N(P,, C , %, 7) (calculated based on
the data available in Table 3), and the respective estimated
life through the adjusted fatigue curves, N(P,, 6, /IE, 7, a),
(represented by dashed lines). Note that this K-factor value
represents the level of deviation of the curve that represents
the conservative prediction factor from the nominal fatigue
curve (estimated by the parameters presented in Table 3).
Note that this value of the K factor represents the level of
distance between the curve estimated for a specific alpha
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Fig.5 Relationship between the significance level a and the constants of the adjusted fatigue curves (solid line) and the distance measured in k

-lifes between the nominal fatigue and the adjusted fatigue curves
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value and the nominal fatigue curve (estimated by the
parameters shown in Table 3), thus representing a kind of
safety factor in terms of life.

Upon analyzing the graphs presented in Fig. 5, it is
evident that the value of C, decreases as the parameter a
decreases. This is due to the fact that the critical value of
the t student distribution tends to assume increasing abso-
lute values as a decreases, thereby directly influencing the
calculation of C,. Additionally, we observe from the graphs
in Fig. 5 that the value of K increases as the value of «
decreases—a trend that was expected from a qualitative per-
spective. It is worth noting that the value of K is intrinsically
linked to the level of conservatism of the adjusted fatigue
curve for a given value of a. In other words, a higher value
of K implies a more conservative estimate of the fatigue life
of the conductor. For instance, our results show that for an

Fig.6 Correlations between

a value of 2.5%, the value of K is approximately 2.7, while
for an « value of 0.01%, the value of K is on the order of 6.
Hence, the appropriate selection of the a parameter allows
for a more objective definition of the safety level for the
fatigue project of the overhead conductors.

Figure 6 displays the trend curves adjusted according to
the SWT and Walker criteria for significance levels a of
2.5% and 0.01%, respectively. To provide a comparison,
Fig. 6 also presents a) the 179 experimental data for esti-
mating the trend (nominal) curves according to the SWT
and Walker criteria; b) the corresponding trend curves and
the adjusted fatigue curves considering a values of 2.5% and
0.01%; and the Cigré Safe Border Line (CSBL).

Analyzing the graphs in Fig. 6, we can observe the fit of
the trend curves to the experimental data. Both the trend
curves adjusted with the SWT criterion (Fig. 6a) and the

experimentally observed fatigue
life and estimated equivalent
stress amplitudes according to
Smith—Watson-Topper (a) and
Walker (b) criteria
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trend curves adjusted with the Walker criterion (Fig. 6b)
show good agreement with the experimental data. It is also
important to note that when using the adjusted trend curves,
the values of the SWT or Walker parameters that we can
adopt for a given number of cycles are dependent on the
level of significance a—that is, if these curves are consid-
ered design curves, the conservatism level of the design will
be intrinsically associated with the significance level. In
summary, considering a specific fatigue life, N, we can then
admit three conditions that can be related to the selection of
the values of the SWT or Walker parameters (P*) by consid-

ering the predicted value for the parameter (P* . > estimated
adj

by means of a trend curve adjusted as a function of the sta-
tistical significance level, a, chosen for the hypothesis test
associated with the confidence interval of the SWT or
Walker parameter.

If P, is greater than P*ad,-’ it means that the selected load-

ing condition (aa, om) is greater than the expected capacity
of the conductor to resist that loading condition, considering
a significance level a. That is, the probability of failure is
higher than a.

If P, is equal to P*“d,-’ it means that the selected loading

condition (c,,0,,) induces a level of stress equal to the
expected capacity of the conductor, considering a signifi-
cance level a. That is, the probability of failure is of the
order of a.

If P, is less than P*Mj_, it means that the selected loading

condition (¢, ,,) induces a stress level lower than the
expected capacity of the conductor, considering a signifi-
cance level a. That is, the probability of failure is lower than
a.

Still considering the information contained in Fig. 6, it
is important to highlight that when compared to the fatigue
curves estimated in this study, the Cigré Safe Border Line
(CSBL) has proven to be an extremely conservative design
curve, as it is located at a significant distance from the
fatigue curve corrected for a equal to 0.01% (which already
has a factor of approximately 6 times the measured lives).
In addition to this high level of conservatism in the CSBL,
it should also be noted that such a curve was not intended to
represent the effect of mean stress on the fatigue behavior of
conductors, which can lead to overly conservative designs
and should be approached with caution.

6 Conclusions
Based on the analyses and discussions carried out in this
article, the following conclusions can be made regarding

the methods that were examined to account for the effects of
stretching load on the fatigue behavior of conductor cables:

@ Springer

e Considering the analyzed dataset, the Walker criterion
provided the best life predictions. A simple regression
procedure made it possible to identify that the Walker
parameter, y, which best represents the fatigue behavior
of conductor cables is of the order of 0.42, which allowed
the construction of a fatigue curve that allows explaining
55% of failures due to fatigue (R*>= 0.55) [38].

e The Smith—Watson—Topper (SWT) method provides
good results in most cases analyzed. The SWT method
has the advantage of simplicity and is a good choice
for general use. Considering this specific criterion, the
fatigue curve generated allowed explaining about 54%
of failures due to fatigue (R? = 0.54) [38]. It should be
noted that the SWT criterion has the advantage of sim-
plicity and, in general terms, for the analyzed situation,
it proved to be, from a practical point of view, a criterion
as accurate as Walker's criterion.

e Additionally, we also discuss strategies for estimating
adjusted trend curves considering the SWT and Walker
criteria. As a result, we derive equations that can be used
with design criteria based on the probability a, where the
a parameter is used to define the level of conservatism
of the project, based on the probability of occurrence of
failures.

e The analysis of the results suggests that the CSBL curve
presents a considerable level of conservatism compared
to the Walker and SWT criteria.

Acknowledgements The authors would like to acknowledge the labo-
ratory support of UnB. T.S.V. Vilela, J. L. A. Ferreira, C. R. M. Silva
and J. A. Aratjo are also grateful for the support provided by CNPq
(contracts 306468/2018-2, 305302/2017-5, and 307122/2021-2). The
authors, specially T.S.V. Vilela, would also like to acknowledge the
Instituto Federal de Goias (IFG-Campus Goiania) for supporting Mrs.
Vilela's license to complete her doctoral degree. The administrative
support of FINATEC is also recognized.

Authors contribution All authors contributed to the study conception
and design. Material preparation, data collection and analysis were
performed by TSVV. JLAF, JAA and CRMS. The first draft of the
manuscript was written by TSVV and all authors commented on pre-
vious versions of the manuscript. All authors read and approved the
final manuscript.

Funding The authors did not receive support from any organization for
the submitted work. No funding was received for conducting this study.

Declarations

Conflict of interest All authors certify that they have no affiliations
with or involvement in any organization or entity with any financial
interest or non-financial interest in the subject matter or materials dis-
cussed in this manuscript.



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2024) 46:152

Page 150f 16 152

References

10.

11.

12.

13.

14.

15.

16.

Chan J, Havard D, Rawlins C, Diana G, Cloutier L, Lilien JL, Goel
A (2009) EPRI transmission line reference book: wind-induced
conductor motion, EPRI, Palo Alto, California, 2006

Fadel AA, Rosa D, Murca LB, Fereira JLA, Aratjo JA (2012)
Effect of high mean tensile stress on the fretting fatigue life
of an Ibis steel-reinforced aluminium conductor. Int J Fatigue
42:24-34. https://doi.org/10.1016/j.ijfatigue.2011.03.007
IEEE (2006) Guide for aeolian vibration field measurements of
overhead conductors, Std 1368™-2006. New York

Cardou A, Cloutier L, St-Louis M, Leblond A (1992) ACSR
electrical conductor fretting fatigue at spacer clamps. In Helmi
Attia M, Waterhouse RB (Eds) Standardisation of fretting
fatigue test methods and equipment), pp 231-242, https://doi.
org/10.1520/STP25840S

EPRI (1979) Transmission line reference book: “the orange
book.” Electric Power Research Institute, Palo Alto, CA
Volker VF, Kalombo RB, Cosme RMS, Nogueira MN, Aratjo
JA (2014) Effect of chromium nitride coatings and cryogenic
treatments on wear and fretting fatigue resistance of aluminium.
Electr Power Systems Res 116:322-329. https://doi.org/10.
1016/j.epsr.2014.06.015

Ramey GE, Duncan RR, Brunair RM (1986) Experimental
evolution of S—N curves for Drake ACSR conductor. J Energy
Eng ASCE 112:138-151. https://doi.org/10.1061/(ASCE)0733-
9402(1986)112:2(138)

Pestana MS, Kalombo RB, Freire Junior RCS, Ferreira JLA, da
Silva CRM, Aratjo JA (2018) Use of artificial neural network to
assess the effect of mean stress on fatigue of overhead conduc-
tors. Fatigue Fract Eng Mater Struct 41(12):2577-2586. https://
doi.org/10.1111/ffe.12858

Kalombo RB, Pestana MS, Junior RF, Ferreira JLA, Silva CRM,
Veloso LACM, Camara ECB, Aratjo JA (2020) Fatigue life
estimation of an all aluminium alloy 1055 MCM conductor for
different mean stresses using an artificial neural network. Int
J Fatigue 140:105814. https://doi.org/10.1016/j.ijfatigue.2020.
105814

Camara ECB, Kalombo RB, Ferreira JL, Araujo JA, Freire
Junior RCS (2021) Estimating fatigue behavior of a family of
aluminum overhead conductors using ANNSs. Fatigue Fract Eng
Mater Struct 44(4):983-996. https://doi.org/10.1111/ffe.13408
Badibanga R, Miranda T, Rocha P, Ferreira J, da Silva C, Aratijo
J (2018) The effect of mean stress on the fatigue behaviour of
overhead conductor function of the H/w parameter. In MATEC
web of conferences, EDP Sciences, vol 165. https://doi.org/10.
1051/matecconf/201816511001

Book, CIGRE Green (2016) Overhead lines. Study committee
B 2.2014: 588-591

Lalonde S, Guilbault R, Légeron F (2017) Modeling multilay-
ered wire strands, a strategy based on 3D finite element beam-
to-beam contacts — part I: model formulation and validation.
Int J Mech Sci 126:281-296. https://doi.org/10.1016/j.ijjmecsci.
2016.12.014

Rocha PHC, Diaz JIM, Silva CRM, Aratjo JA, Castro FC (2019)
Fatigue of two contacting wires of the ACSR Ibis 397.5 MCM
conductor: experiments and life prediction. Int J Fatigue 127:25-
35. https://doi.org/10.1016/j.ijfatigue.2019.05.033

Pereira RL, Diaz JIM, Ferreira JLA, Silva CRM, Aragjo JA (2020)
Numerical and experimental analysis of fretting fatigue perfor-
mance of the 1350-H19 aluminum alloy. J Braz Soc Mech Sci
Eng 42:419. https://doi.org/10.1007/s40430-020-02498-w
Matos IM, Rocha PHC, Kalombo RB, Veloso LACM, Aratijo JA,
Castro FC (2020) Fretting fatigue of 6201 aluminum alloy wires

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

of overhead conductors. Int J Fatigue 141:105884. https://doi.org/
10.1016/].ijfatigue.2020.105884

Fricke WG, Rawlins CB (1968) Importance of fretting in vibration
fatigue of stranded conductors. IEEE Trans Power Appar Syst
87:1381-2138. https://doi.org/10.1109/TPAS.1968.292104
Poffenberger JC, Swart RL (1965) Differential displacement
and dynamic conductor strain. IEEE Trans Power Appar Syst
84(4):281-289. https://doi.org/10.1109/TPAS.1965.4766192
KO (1997) Power Deliv. 12(4):1576—1583 https://doi.org/10.1109/
61.634178

CIGRE (1995) Guide to vibration measurements on overhead
lines. Electra 162:22

Kalombo RB, Reinke G, Miranda TB, Ferreira JLA, da Silva
CRM, Aratjo JA (2019) Experimental study of the fatigue per-
formance of overhead pure aluminium cables. Proced Struct Integr
19:688-697

Fadel AA (2010) Avaliacdo do efeito de tracionamento em eleva-
dos niveis de EDS sobre a resisténcia em fadiga do condutor IBIS
(CAA 397,5 MCM), University of Brasilia, Brasilia, DF, p 185
CIGRE Report 273 (2005) Overhead conductor safe design ten-
sion with respect to Aeolian vibrations, Task Force B2.11.04,
CIGRE

CIGRE (2010) Engineering guidelines relating to fatigue endur-
ance capability of conductor-clamp systems, SC B2, CIGRE
Barrett JS, Motlis Y (2001) Allowable tension levels for over-
head line conductors. IEE Proc Gener Transm Distrib 148:54-59.
https://doi.org/10.1049/ip-gtd:20010019

Mann JY (1958) The historical development of research on the
fatigue of materials and structures. J Aust Inst Met, pp 222-241
Goodman J (1919) Mechanics applied to engineering. Longmans
Green and Co., London, pp 631-636

Dowling NE (2004) Mean stress effects in stress-life and strain-life
fatigue. SAE Tech Pap 32(12):1004-1019

Smith KN, Watson P, Topper TH (1970) A stressstrain function
for the fatigue of metals. J Mater 5(4):767-778

Walker K (1970) The effect of stress ratio during crack propaga-
tion and fatigue for 2024-T3 and 7075-T6 aluminum. In: Effects
of environment and complex load history on fatigue life, ASTM
STP 462, American Society for Testing and Materials, West Con-
shohocken, PA, pp 1-14

Dowling NE (2013) Mechanical behavior of materials: engineer-
ing methods for deformation, fracture, and fatigue. Pearson Edu-
cation Limited

Lee Y-L et al (2005) Fatigue testing and analysis: theory and prac-
tice, vol 13. Butterworth-Heinemann

Vantadori S et al (2020) Mean stress effect on fatigue life estima-
tion for Inconel 718 alloy. Int J Fatigue 133:105391

Vizkova I, Lutovinov M (2018) Martin Nesladek Mean stress
effect in stress-life fatigue prediction re-evaluated Jan Papuga.
MATEC Web Conf 165:10018. https://doi.org/10.1051/matec
conf/201816510018

American Society of Test and Materials (2015) ASTM E466:
standard practice for conducting force controlled constant ampli-
tude axial fatigue tests of metallic materials. Annual Book of
ASTM Standards

Rao SS (2019) Engineering optimization: theory and practice.
Wiley, Hoboken

CIGRE SC 22 WG 04 (1988) Endurance capability of conductors.
Electra, p 18

Devore JL (2014) Probability and statistics for engineering and
the sciences, 9th edn. Cengage Learning, EUA

Janior RCSF, Belisio AS (2014) Probabilistic S-N curves using
exponential and power laws equations. Compos Part B Eng
56:582-590

American Society of Test and Materials. ASTM E-739: standard
practice for statistical analysis of linear or linearized stress-Life

@ Springer


https://doi.org/10.1016/j.ijfatigue.2011.03.007
https://doi.org/10.1520/STP25840S
https://doi.org/10.1520/STP25840S
https://doi.org/10.1016/j.epsr.2014.06.015
https://doi.org/10.1016/j.epsr.2014.06.015
https://doi.org/10.1061/(ASCE)0733-9402(1986)112:2(138)
https://doi.org/10.1061/(ASCE)0733-9402(1986)112:2(138)
https://doi.org/10.1111/ffe.12858
https://doi.org/10.1111/ffe.12858
https://doi.org/10.1016/j.ijfatigue.2020.105814
https://doi.org/10.1016/j.ijfatigue.2020.105814
https://doi.org/10.1111/ffe.13408
https://doi.org/10.1051/matecconf/201816511001
https://doi.org/10.1051/matecconf/201816511001
https://doi.org/10.1016/j.ijmecsci.2016.12.014
https://doi.org/10.1016/j.ijmecsci.2016.12.014
https://doi.org/10.1016/j.ijfatigue.2019.05.033
https://doi.org/10.1007/s40430-020-02498-w
https://doi.org/10.1016/j.ijfatigue.2020.105884
https://doi.org/10.1016/j.ijfatigue.2020.105884
https://doi.org/10.1109/TPAS.1968.292104
https://doi.org/10.1109/TPAS.1965.4766192
https://doi.org/10.1109/61.634178
https://doi.org/10.1109/61.634178
https://doi.org/10.1049/ip-gtd:20010019
https://doi.org/10.1051/matecconf/201816510018
https://doi.org/10.1051/matecconf/201816510018

152 Page 160f 16

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2024) 46:152

41.

42.

43.

44,

(S-N) and strain-life (e-N) Fatigue data. E739 — 10 (Reapproved
2015)

Wirsching PH (1998) Fatigue reliability. Progr Struct Eng Mater
1(2):200-206

Tridello A, Niutta CB, Berto F, Tedesco MM, Plano S, Gabellone
D, Paolino DS (2022) Design against fatigue failures: lower bound
PSN curves estimation and influence of runout data. Int J Fatigue
162:106934. https://doi.org/10.1016/j.ijfatigue.2022.106934
Azevedo CRDF, Henriques AMD, Pulino Filho AR, Ferreira JLA,
Aratjo JA (2009) Fretting fatigue in overhead conductors: rig
design and failure analysis of a Grosbeak aluminium cable steel
reinforced conductor. Eng Fail Anal 16(1):136-151. https://doi.
org/10.1016/j.engfailanal.2008.01.003

Kalombo RB, Pestana MS, Ferreira JLA, da Silva CRM, Aratjo
JA (2017) Influence of the catenary parameter (H/w) on the
fatigue life of overhead conductors. Tribol Int 108:141-149.
https://doi.org/10.1016/j.triboint.2016.11.004

@ Springer

45.

46.

47.

Walpole RE, Myers RH, Myers SL, Cruz R (1992) Probability
& Statistics for Engineers & Scientists, vol 624. McGraw-Hill,
Meéxico

CIGRE (1985) Guide for endurance tests of conductors inside
clamps. Electra WG 22.04:78-86

Neto ESP (2013) Obteng¢do do modelo geométrico e avaliagdo da
vida em fadiga de cabo tipo AeroZ, projeto de graduagdo, Univer-
sidade de Brasilia — UnB

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.ijfatigue.2022.106934
https://doi.org/10.1016/j.engfailanal.2008.01.003
https://doi.org/10.1016/j.engfailanal.2008.01.003
https://doi.org/10.1016/j.triboint.2016.11.004

	Application and comparative study of the master curve methodology for predicting fatigue life in overhead conductor
	Abstract
	1 Introduction
	2 Bibliographic review
	2.1 Bending stress
	2.2 Stretch load control parameters
	2.3 Procedure for evaluating the mean stress acting on the strands of a conductor

	3 Strategy to evaluate the master curve
	3.1 Approach proposed by Smith–Watson–Topper (SWT)
	3.2 Approach proposed by Walker
	3.3 Parameter estimation of master curves using Smith–Watson–Topper and Walker equations
	3.4 Prediction interval estimation of the fatigue lifetime prediction models

	4 Calibration of fatigue curves and comparison with experimental data
	5 Results and discussion
	5.1 Fatigue tests
	5.2 Adherence of the models to the experimental results
	5.3 Estimation of the is a measure of uncertainty,  , and the parameters of the master curves for predicting the fatigue life of conductors for different levels of reliability
	5.4 Analysis of the behavior of the uncertainty measure  and 

	6 Conclusions
	Acknowledgements 
	References




