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Abstract

The fatigue behavior of overhead conductors is a complex problem, involving hundreds
of contact regions, localized plasticity, wear, and friction. The increase in computing power
and the recent advances in finite element (FE) 3D modeling of conductor-clamp systems have
motivated researchers to pursue FE-based approaches for the fatigue damage analysis of the
conductor. These approaches are based on a combination of a global-scale analysis of the
conductor-clamp system with a local-scale analysis of the wires under fretting fatigue. However,
research is still required to improve the accuracy of these approaches considering different
conductor geometries, wire materials, and loading conditions. In this context, this thesis aims
to propose new methodologies for life prediction of overhead conductors and their wires by
means of experimental and numerical analyses.

This thesis is organized as a collection of three research papers by the author and collabo-
rators, which have already been published or are under the process of submission/review. In the
first paper, fretting fatigue tests under constant amplitude loading (CAL) were performed using
1120 aluminum alloy (AA) wires of an AAAC (All Aluminum Alloy Conductor) 823 MCM
conductor. A tension test and axial fatigue tests on smooth and V-notched wire specimens were
also carried out. The fatigue test data were used to compare the AA1120 with the AA1350 and
AA6201, two alloys typically used to manufacture the wires of conductors. Under tension, the
AA1120 displayed an intermediate ultimate tensile strength between the ones from the AA1350
and the AA6201. For the same stress amplitudes, the AA1120 wires used in the axial fatigue
tests had longer lives than the AA1350 wires but considerably shorter lives than the AA6201
wires. However, under fretting fatigue, both AA1120 and AA6201 wires had similar fatigue
strength. The test data were also used to evaluate a life prediction criterion for wires under fret-
ting fatigue based on the Theory of Critical Distances (TCD). Most of the predicted lives were
within a factor of 3 of the measured lives. The accuracy of the predictions was similar to that
observed in previous studies, in which the same methodology was applied to data from fretting
fatigue tests on AA1350 and AA6201 wires. These results show that the methodology can be
a reliable tool for the fatigue damage analysis of wires made of different materials subjected to
fretting fatigue and CAL.

In the second paper, fretting fatigue tests under variable amplitude loading (VAL) were
carried out on AA6201-T81 wires of an AAAC 900 MCM conductor. The amplitude variation
was represented by a three-block loading history. The loading conditions were defined using
vibration measurements from an operating transmission line located in the center-west region
of Brazil. Two methodologies for life prediction of wires were extended to VAL conditions and
were evaluated using the fretting fatigue test data. One of the methodologies is the same TCD-
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based criterion considered in the first paper, while the other is based on a master fatigue curve.
Both methodologies provided life predictions within factors of 4 of the measured lives. The
accuracy achieved in this study supports the use of the proposed methodologies for predicting
the lives of wires under VAL conditions.

The third paper is concerned with the life prediction of an ACSR (Aluminum Conductor
Steel Reinforced) Ibis 397.5 MCM conductor under high-low and low-high loading sequences.
To this end, a life prediction methodology based on finite element 3D modeling of conductor-
clamp systems was extended to include VAL conditions. Firstly, the methodology was applied
to CAL fatigue test data to assess whether it can accurately describe the fatigue failure of the
ACSR Ibis conductor. Subsequently, the methodology was evaluated using the data from fatigue
tests conducted under a two-block loading history. Most life predictions were within factors of
3 of the measured lives. For the VAL tests, the methodology accurately took into account the
effect of loading sequence on fatigue failure, providing longer life estimates for the tests under
high-low sequence than for those under low-high sequence. Additionally, the methodology was
capable of predicting the positions of the wire breaks for the VAL tests in accordance with the
experimental observations. These results suggest that the methodology can be extended to VAL
conditions and be used to accurately predict the lives, the loading sequence effects, and the
fatigue critical regions of conductors.

Keywords: overhead conductor; aluminum alloy wire; fretting fatigue; life prediction;
variable amplitude loading



Resumo

O comportamento em fadiga de cabos condutores é um problema complexo, envolvendo
centenas de regiões de contato, plasticidade localizada, desgaste e atrito. O aumento no poder
de computação e os avanços recentes na modelagem 3D em elementos finitos (FE) de sistemas
condutor-grampo motivaram pesquisadores a buscar abordagens baseadas em FE para a análise
de dano por fadiga do condutor. Essas abordagens são baseadas em uma combinação de uma
análise em escala global do sistema condutor-grampo, com uma análise em escala local dos fios
sob fadiga por fretting. Entretanto, pesquisas ainda são necessárias para melhorar a acurácia
dessas abordagens considerando diferentes geometrias de condutor, materiais de fio e condições
de carregamento. Nesse contexto, essa tese visa propor novas metodologias para previsão de
vida de cabos condutores e seus fios por meio de análises experimentais e numéricas.

Essa tese é organizada como uma coleção de três artigos científicos do autor e de cola-
boradores, que já foram publicados ou estão sob processo de submissão/revisão. No primeiro
artigo, ensaios de fadiga por fretting sob carregamento de amplitude constante (CAL) foram
realizados utilizando fios da liga de alumínio (AA) 1120 de um condutor AAAC (Cabo de Alu-
mínio Liga) 823 MCM. Um ensaio de tração e ensaios axiais de fadiga em corpos de prova de
fio lisos e com entalhe em V também foram realizados. Os dados dos ensaios de fadiga foram
utilizados para comparar o AA1120 ao AA1350 e ao AA6201, duas ligas tipicamente utilizadas
para fabricação dos fios de condutores. Sob tração, o AA1120 exibiu um limite de resistência
à tração intermediário aos do AA1350 e do AA6201. Para as mesmas amplitudes de tensão, os
fios de AA1120 utilizados nos ensaios axiais de fadiga tiveram vidas mais longas que os fios
de AA1350, mas consideravelmente mais curtas que os fios de AA6201. Entretanto, sob fadiga
por fretting, tanto os fios de AA1120 quanto de AA6201 tiveram resistência à fadiga similar.
Os dados dos ensaios também foram utilizados para avaliar um critério de previsão de vida para
fios sob fadiga por fretting baseado na Teoria das Distâncias Críticas (TCD). A maior parte das
vidas previstas estiveram dentro de fatores de 3 das vidas medidas. A acurácia das previsões foi
similar à observada em estudos prévios, nos quais a mesma metodologia foi aplicada a dados
de ensaios de fadiga por fretting em fios de AA1350 e AA6201. Esses resultados mostram que
a metodologia pode ser uma ferramenta confiável para a análise de dano por fadiga de fios de
diferentes materiais submetidos à fadiga por fretting e a CAL.

No segundo artigo, ensaios de fadiga por fretting sob carregamento de amplitude variável
(VAL) foram realizados em fios de AA6201-T81 de um condutor AAAC 900 MCM. A varia-
ção de amplitude foi representada a partir de um histórico de carregamento de três blocos. As
condições de carregamento foram definidas utilizando-se medições de vibração de uma linha
de transmissão em operação localizada na região centro-oeste do Brasil. Duas metodologias de
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previsão de vida de fios foram estendidas para condições de VAL e foram avaliadas utilizando
os dados dos ensaios de fadiga por fretting. Uma das metodologias é o mesmo critério baseado
na TCD considerado no primeiro artigo, enquanto a outra é baseada em uma curva de fadiga
mestre. Ambas metodologias forneceram previsões de vida dentro de fatores de 4 das vidas me-
didas. A acurácia obtida nesse estudo suporta o uso das metodologias propostas para previsão
de vida de fios sob condições de VAL.

O terceiro artigo é focado na previsão de vida de um condutor ACSR (Cabo de Alumínio
com Alma de Aço) Ibis 397,5 MCM sob sequências de carregamento high-low e low-high. Para
isso, uma metodologia de previsão de vida baseada em modelagem 3D em elementos finitos de
sistemas condutor-grampo foi estendida para incluir condições de VAL. Primeiramente, a me-
todologia foi aplicada a dados de ensaios de fadiga com CAL para avaliar se esta é capaz de
descrever com acurácia a falha por fadiga do condutor ACSR Ibis. Em seguida, a metodologia
foi avaliada utilizando dados de ensaios de fadiga conduzidos sob um histórico de carregamento
de dois blocos. A maior parte das previsões esteve dentro de fatores de 3 das vidas medidas.
Para os ensaios com VAL, a metodologia levou em consideração o efeito da sequência de carre-
gamento na falha por fadiga de forma acurada, fornecendo estimativas de vida mais longas para
os ensaios sob sequência high-low do que para aqueles sob sequência low-high. Além disso,
a metodologia foi capaz de prever as posições das quebras de fios para os ensaios com VAL
em acordo com as observações experimentais. Esses resultados sugerem que a metodologia
pode ser estendida para condições de VAL e ser utilizada para prever acuradamente as vidas, os
efeitos da sequência de carregamento e as regiões críticas para falha por fadiga de condutores.

Palavras-chave: cabo condutor; fios de liga de alumínio; fadiga por fretting; previsão de
vida; carregamento de amplitude variável

Título: Previsão de vida à fadiga de cabos condutores e seus fios: Investigações experi-
mentais e numéricas
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1 Introduction

1.1 Motivation

Transmission lines (Fig. 1.1a) are the most commonly used systems for connecting power

plants where electricity is produced with the users. The main component of a transmission line

is the overhead conductor, which is responsible for transporting the electricity over long dis-

tances. Ideally, conductors should provide the best combination of high electrical conductivity,

low cost, good mechanical resistance, low density and good resistance to oxidation and corro-

sion. The two materials that best fit these criteria are copper and aluminum. The first overhead

conductors were usually manufactured using copper, as it was cheaper and mechanically more

resistant than aluminum. In 1908, the invention of the Aluminum Conductor Steel Reinforced

(ACSR) greatly improved the mechanical resistance of aluminum cables. In addition, deve-

lopments in the aluminum technology from 1938 to 1945 significantly reduced the cost of this

material, which spread the use of aluminum conductors in large scale. Over the years, copper

wires have been gradually replaced by aluminum and aluminum alloy (AA) wires due to their

lower density, better cost-benefit and fewer occurrences of the corona discharge effect, which

causes loss of energy along the line (Fuchs, 1977).
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Figure 1.1: (a) Overhead conductors in a transmission tower, (b) suspension clamp (Cosmai et
al., 2017), and contact mark between two wires.

During the operation of a transmission line, overhead conductors may be subjected to

several types of non sustained and sustained motions. The former are caused by transient phe-

nomena, such as corona vibrations, ice and snow shedding and earthquakes, while the latter

are caused by wind forces acting on the conductor. Several studies on damaged or broken

conductors taken from transmission lines indicate a clear correlation between wind-induced os-

cillations and the fatigue failure of the conductor’s wires (Azevedo and Cescon, 2002; Boniardi

et al., 2007; Chen et al., 2012; Kalombo et al., 2015; Gonzales-Pociño et al., 2018). Among

all types of conductor motion, the aeolian vibrations are considered the most critical to fatigue

damage. These oscillations can occur on almost all types of transmission lines, during any time

of the day or year. The fatigue failures of the conductors wires usually take place near or within

devices that restrain the movement of the conductor, such as suspension clamps (Fig. 1.1b),

spacer clamps, and dampers. The aeolian vibrations favor the occurrence of fretting fatigue,

leading to crack initiation in contact regions of the conductor, and eventually to wire rupture

(EPRI, 2006). Fig. 1.1c shows an example of a wire rupture caused by fretting fatigue at the

contact region between two wires of adjacent layers of a conductor.
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The traditional approach used to evaluate the fatigue failure of conductors is based on

obtaining stress-life (S-N ) curves using resonant test benches (Kalombo et al., 2017; Fadel et

al., 2012; Azevedo et al., 2009; Ouaki et al., 2003). In these tests, the conductor is usually

supported by a suspension clamp and is subjected to a cyclic vertical displacement used to

represent the aeolian vibrations. This approach can be used not only for obtaining the S-N

test data for a given conductor-clamp system, but also as a means of evaluating the influence of

parameters such as suspension clamp geometry, high temperatures and presence of lubricants

on the failure of the conductor’s wires. Additionally, recent studies have considered alternative

approaches for investigating the fatigue behavior of conductors based on fretting fatigue tests

on wires (Omrani et al. 2022, 2021; Said et al., 2020a, 2020b; Araújo et al., 2020; Matos et

al., 2020; Rocha et al., 2019). These approaches are motivated by the fact that one of the main

causes of conductor failure is the fatigue damage accumulation that occurs at a local (wire)

scale, caused by fretting between wires in contact with each other or with a clamp device.

Despite being used for more than 50 years, the traditional design approach based on S-N

curves relies on the fatigue testing of conductors, which can be expensive, time consuming, and

dependent on the availability of a resonant test bench. Considering these possible drawback and

motivated by the recent advances in computing power and finite element (FE) 3D modeling of

conductor-clamp systems, studies over the past five years have aimed to develop a global-local

approach to predict the life of the conductor. On a global (structural) scale, a FE model of

the conductor-clamp system is employed to identify the fatigue critical region, i.e., the location

where wire breaks are expected to occur. Then, the loading and contact conditions in the critical

region are estimated and used as input for a local-scale fatigue damage analysis of the wires

under fretting fatigue. The local-scale analysis is used to predict the lives of the wires, which

can then be associated with the durability of the conductor.

Previous investigations (Rocha et al., 2022, 2023) have shown that these global-local

approaches can provide life predictions for conductor-clamp systems in agreement with experi-

mental data. However, the development of these approaches is recent and has been the focus of

few investigations. Thus, further research is required to improve their use considering different

wire materials, conductor geometries, and loading conditions. In this context, this thesis aims
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to propose and evaluate life prediction methodologies for overhead conductors and their wires

by means of experimental and numerical analyses.

1.2 Outline of the thesis

This thesis is organized into four main chapters. Chapter 2 is a literature review of the

fatigue failure of overhead conductors, while each of the remaining chapters is structured as a

research paper. The literature review briefly discusses the three main types of wind-induced con-

ductor motion, but focus is given to the aeolian vibrations and fretting fatigue of the conductors

wires. This literature review should provide the reader with a general idea about wind-induced

conductor oscillations, the main methods of safe design and assessment of vibration severity,

and the main findings from experimental and numerical studies aimed at understanding the

fatigue behavior of overhead conductors.

Chapter 3 is focused on the fatigue damage analysis of AA1120 wires under fretting

fatigue. This material has a high electrical conductivity and an intermediate ultimate tensile

strength compared to other aluminum alloys commonly used to manufacture wires of conduc-

tors, such as the AA1350 and the AA6201. These characteristics have led transmission lines

in Brazil to be designed with conductors composed of AA1120 wires since the last decade

(Hoffman et al., 2015). The growing use of AA1120 wires in overhead conductors in Bra-

zil motivates the present study to further investigate the fatigue behavior of this material. To

this end, Chapter 3 aims to compare the fatigue performance of the AA1120 with that of the

AA1350 and AA6201, and to evaluate a nonlocal life prediction methodology using data from

fretting fatigue tests on AA1120 wires.

Chapters 4 and 5 examine the fatigue performance of conductors and wires under variable

amplitude loading (VAL) conditions. The importance of performing fatigue damage analyses

under VAL stems from the fact that conductors typically experience significant variations in

vibration amplitude during service. These amplitude variations are caused by various environ-

mental factors such as temperature variations, changes in wind speed and velocity, and changes

in the landscape where the transmission line is located due to ice or snow accumulation. Des-

4



pite the numerous reports on vibration amplitude variation (Varney, 1926; Rawlins and Harvey,

1959; Edwards and Boyd, 1963; EPRI, 2006), most studies on the fatigue failure of conductors

and wires are limited to constant amplitude loading conditions. In this regard, the present study

aims to propose and evaluate life prediction approaches for wires (Chapter 4) and conductor-

clamp systems (Chapter 5) under VAL conditions.

1.3 Publications

The following publications have been based on the work contained in this thesis:

In International Journals:

1. Matos IM, Araújo JA, Castro FC. Fretting fatigue performance and life prediction of

1120 aluminum alloy wires of overhead conductors. Theoretical and Applied Fracture

Mechanics (94% percentile in Scopus) 2022;121:103521.

2. Matos IM, Araújo JA, Castro FC. Life prediction of 6201-T81 aluminum alloy wires

under fretting fatigue and variable amplitude loading. Tribology International (94%

percentile in Scopus) 2023;183:108407.

3. Matos IM, Lalonde S, Araújo JA, Castro FC. Fatigue life prediction of ACSR Ibis con-

ductor under high-low and low-high loading sequences using a finite element 3D model.

Submitted to International Journal of Fatigue (96% percentile in Scopus).

In International Conferences:

1. Matos IM, Araújo JA, Castro FC. Fretting fatigue of 6201 aluminum alloy wires under

variable amplitude loading: An initial study. In 26th International Congress of Mechani-

cal Engineering – COBEM 2021.

2. Matos IM, Araújo JA, Castro FC. Fretting fatigue of 6201 aluminum alloy wires un-

der variable amplitude loading: Experiments and life prediction. In 10th International

Symposium on Fretting Fatigue – ISFF10 2022.
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In book chapter:

Araújo JA, Ferreira JLA, Kalombo RB, Matos IM, Castro FC. Overhead conductors.

In: Liskiewicz T, Dini D, editors. Fretting Wear and Fretting Fatigue - Fundamental

Principles and Applications. Cambridge: Elsevier; 2022, p. 565-97.
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2 Literature review

2.1 Scope

This literature review is focused on the fatigue failure of conductors due to wind-induced

cyclic motions. The review is divided into four main sections to cover the following topics:

• Wind-induced conductor motion (Section 2.2): gives an overall idea about the different

types of wind-induced conductor oscillations, their causes and negative consequences to

the integrity of the transmission line. Details the occurrence of fretting fatigue in overhead

conductors and how it leads to crack initiation and can cause the failure of the conductor.

Shows the main characteristics of real transmission line vibration;

• Safe design and assessment (Section 2.3): introduces the Poffenberger-Swart formula,

which is widely used to associate the vibration amplitude with bending stresses. Presents

the main approaches used for the safe design and assessment of transmission lines with

respect to aeolian vibrations;

• Experimental studies (Section 2.4): describes the construction and operation of a resonant

test bench for overhead conductors. Details the main findings obtained from fatigue tests

performed on these tests benches, as well as from fatigue tests with individual wires and

wires under fretting conditions;

• Numerical modeling (Section 2.5): describes the recent advancements in finite element-

based analyzes of overhead conductors and fretting wires.

An outline of the topics covered in this review is presented in Fig. 2.1. In the PDF version

of this document, this figure contains hyperlinks to each section of this review. The reader may

click on any of the topics to go directly to the section where it is discussed.
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Figure 2.1: Outline of the main topics covered in this literature review.
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2.2 Wind-induced conductor motion

Overhead conductors are the main components of transmission lines responsible for trans-

porting electricity over long distances. These components correspond to about 40% of the total

cost of a transmission line and are designed to have a lifetime of several years (EPRI, 2006).

However, the conductors are frequently subjected to wind-induced cyclic motions, which if

uncontrolled can damage the conductor and significantly reduce its durability. Therefore, un-

derstanding the different types of wind-induced motion and how they affect conductors is an

important step in the safe design of transmission lines.

This section describes the three main types of wind-induced conductor motion, detailing

how they occur and the potential failures that arise from each one. Focus is given to the effects

of fretting, a contact damage phenomenon caused by conductor oscillations, which is widely

associated to the fatigue failure of the conductor. The main characteristics of transmission line

vibration are also discussed.

2.2.1 Types of conductor motion

There are three prominent categories of wind-induced cyclic motions in overhead conduc-

tors: aeolian vibrations, galloping and wake-induced oscillations. These movements differ from

one another in terms of motion pattern, frequency and damage caused to the transmission line.

The type of transmission line affected, and the wind and environmental conditions required for

these motions to occur are also different for each one.

The aeolian vibrations (Section 2.2.1.1) are considered the most critical motion to the

fatigue failure of the conductor. These vibrations can lead to a phenomenon known as fretting

fatigue (Section 2.2.2), which can cause crack initiation and eventual rupture of the conductor’s

wires. Laminar winds flows with slow to moderate speeds may cause aeolian vibrations, making

almost all transmission lines susceptible to this motion.

Galloping (Section 2.2.1.2) is considered the conductor motion that can cause the most

damage in a short amount of time. This conductor motion can cause the damage and failure of
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the conductor, dampers, tie-wires, insulator pins, suspension hardware, crossarm hardware and

even lead to the collapse of the transmission tower. Like the aeolian vibrations, galloping can

occur on all types of transmission line. In general, galloping only occur on conductors with ice

or wet snow deposition, but there are records of non-ice galloping.

Unlike the two other types of conductor motion, the wake-induced oscillations (Section

2.2.1.3) only affect bundled conductors. The movement is caused by moderate to strong winds,

which flow by the windward conductor and leave a wake that causes the leeward conductor to

move. Part of the movement is also transmitted to the windward conductor through devices

that connect both cables, such as a spacer clamp. The wake-induced oscillations typically affect

localized sections of the transmission line, causing rapid wear and fatigue to suspension clamps,

spacers and other devices.

2.2.1.1 Aeolian vibrations

As wind flows by an overhead conductor, a repeating pattern of alternating vortices can be

formed from the top and bottom of the leeward side of the conductor, as illustrated in Fig. 2.2.

This pattern is named “von Kármán vortex street” after Theodore von Kármán who developed a

theoretical model to describe the phenomenon in 1912. When the wind flows by the conductor,

the flow splits around it and the wind loses speed due to friction. Depending on the velocity

of the wind, this can create an alternating pressure unbalance, causing the wind to swirl into

vortices. The vortex shedding generates forces that make the conductor vibrate in a direction

normal to both the direction of wind flow and the conductor’s longitudinal direction, which is

the primary cause of aeolian vibrations (Cosmai et al., 2017).
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Figure 2.2: Schematic of the “von Kármán vortex street” phenomenon on overhead conductors.

Aeolian vibrations are characterized by their small amplitude, rarely exceeding the dia-

meter of the conductor. Typically, they occur at frequencies of 3 to 150 Hz and are caused by

winds flowing at speeds of 1 to 7 m/s. As mentioned, the aeolian vibrations are caused by the

vortex shedding that occurs when wind flows by the conductor, in particular when the frequency

of the vortices approaches one of the modal frequencies of the conductor. Once the conductor

starts to vibrate a locking-in effect occurs, i.e., changes in the wind velocity within a certain

range (about 90% to 130% of the initial velocity) do not affect the vibration frequency of the

conductor (Cosmai et al., 2017). This happens because once the conductor starts to vibrate at

one of its natural frequencies, the vortex shedding is not only affected by the wind speed but

also by the vibration frequency of the conductor itself. Once the lock-in effect occurs, the ae-

olian vibrations develop into waves that travel back and forth in a span. When two opposing

waves come across each other, standing vibration loops can be established. Typically, spans

will exhibit multiple loops, with nodes (points with minimum amplitude) and antinodes (points

with maximum amplitude). The length of these loops can range from less than 1 m up to 30 m

depending on the vibration frequency.

The major damage associated with aeolian vibrations is the fatigue failure of the conductor

at devices that restrain its movement, such as suspension clamps, deadend clamps, dampers and

spacers. As an example, Fig. 2.3a shows the fatigue failure of an ACSR conductor in a metallic

suspension clamp. Among these clamping devices, the most critical to fatigue failure is the

suspension clamp, because of its rigidity. In this region, the cyclic bending stresses produced
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by the aeolian vibrations are combined with static stresses caused by the conductor curvature,

the tension force and the clamping force. These loading conditions favor the occurrence of

fretting, a process of surface wear caused by minute relative displacement between surfaces in

contact, which will be detailed in Section 2.2.2. Aeolian vibrations may also cause loosening of

bolts in devices such as the spacer clamp, leading to the rupture of the conductor or the device

itself, as shown in Fig. 2.3b.

Figure 2.3: Conductor failures caused by aeolian vibrations at (a) a suspension clamp (IEEE,
2015) and (b) a spacer clamp with loosened bolts (Cosmai et al., 2017).

Several factor can affect the aeolian vibrations and consequently influence on the fatigue

failure of overhead conductors. IEEE (2015) highlights six of those factors, namely: (i) span

length, (ii) horizontal tension/unit weight ratio, (iii) terrain, (iv) local climate, (v) conductor

material, and (vi) aeolian vibration entrapment by in-span masses.

The span length and horizontal tension force influence the self-damping of overhead con-

ductors, i.e., their ability to dissipate part of the energy input by the wind. In general, shorter

spans are less susceptible to aeolian vibrations than longer spans. This happens because there

is less wind energy input in shorter spans, making it easier for the conductor to dissipate this

energy trough self-damping. For the same reason, high tension forces can significantly reduce

the self-damping capability of the conductor, making it more vulnerable to aeolian vibrations.

Considering the correlation between the tension force applied to the conductor and its self-
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damping capability, the definition of maximum admissible tension forces became an important

part of the safe design of transmission lines with respect to aeolian vibrations. For this reason,

CIGRÉ SC6 defined in 1960 the concept of Every Day Stress (EDS) as the maximum tension

force the conductor can sustain without any failure due to aeolian vibrations at or around the

temperature that occurs for the longest period during its operation (Barret and Motlis, 2001;

CIGRÉ, 2005). EDS is typically expressed as a percentage of the Rated Tensile Strength (RTS).

The RTS is defined as the sum of the tensile strengths of the conductor’s wires at a specified

strain level (usually 1%), multiplied by a rating factor. ASTM Standards defined this rating

factors for conductors made of 1350 and 6201 aluminum alloy wires according to the number of

wire layers, as summarized in Table 2.1. For ACSR conductors, the same factors are applicable

to both steel and aluminum layers (Aluminum Association, 1982; Akhtar, 1988). For example,

an ACSR conductor with one layer of steel wires and three layers aluminum alloy wires has its

RTS determined by multiplying the strengths of the steel wires by a factor of 96% and of the

aluminum wires by 91%.

Table 2.1: Rating factors for conductors made of 1350 and 6201 aluminum alloys.

Nº of wires per conductor Nº of layers per conductor Rating factor

7 1 96%

19 2 93%

37 3 91%

61 4 90%

91 or more 5 or more 89%

The EDS has become an important tool for the design of transmission lines and is still

used nowadays. Despite that, CIGRÉ (2005) describes a couple of issues related to the EDS.

The first issue is that conductors operating below the proposed EDS safe limits may still exhi-

bit fatigue failures. To exemplify this problem, an investigation was performed on bare ACSR

conductors in operation. It was observed that approximately 5% of the conductors operating

during less than five years presented fatigue failures, and this percentage goes up to almost 60%
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for conductors operating during more than 20 years. The second issue is that the EDS concept

was proposed in a time when most transmission lines used ACSR (Aluminum Conductor Steel

Reinforced) conductors, which made some of the proposed values of EDS insufficient to des-

cribe the fatigue failures of more recent transmission lines. For these reasons, CIGRÉ (2005)

proposed a different guidance for the conductor tension force based on the catenary parameter,

which is the ratio H/w between the horizontal tension force H and the weight per unit length

w. This tension force is determined using initial conditions, before wind, ice loading and creep

and should be taken using the average temperature during the coldest month.

The terrain in which the transmission line is installed influences the wind turbulence.

Aeolian vibrations are critical in laminar flows, which typically occur at open and flat terrains,

without obstructions, or near/across large bodies of water. For this reason, CIGRÉ (2005)

recommends different magnitudes for the safe design tension force (expressed in terms of the

catenary parameter) depending on the terrain characteristics, as shown in Table 2.2. CIGRÉ

also notes that the recommended safe tension forces may not be suitable if the span: (i) is extra

long, (ii) is exposed to pollutants that decrease the self-damping of the line, (iii) is often covered

with ice, (iv) is operated at high temperatures.

Table 2.2: Maximum recommended catenary parameters based on terrain characteristics (CI-
GRÉ, 2005).

Terrain category Terrain characteristics H/wadm [m]

1
Open and flat, with no trees or obstructions and covered with snow;

near/across large bodies of water; on flat desert
1000

2 Open and flat, with no obstructions and no snow 1125

3 Open and flat, or undulating, with very few obstacles 1225

4 Built-up with some trees and buildings 1425

Three climate conditions that can affect the aeolian vibrations are temperature, wind in-

tensity and occurrence of ice or snow accumulation. Lines operating at very low temperatures

tend to have higher tension forces and are, consequently, more vulnerable to aeolian vibrations.

Persistent prevailing winds cause more vibration cycles, which may lead to the fatigue failure
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of conductor. Ice and snow accumulation on the conductor can facilitate aeolian vibrations to

occur at lower frequencies.

The fatigue failure caused by the aeolian vibrations is affected by the materials used in

the conductor’s wires. In particular, the material of outer layer wires are significant to the

fatigue endurance of the conductor, as most failures occur at these wires. This usually limits the

materials used in conductors to steel, copper, aluminum and aluminum alloys. It is important

to mention that the fatigue behavior of the conductor cannot be accurately described by simply

taking the fatigue resistance of its individual wires, and should preferably be obtained by fatigue

tests on a particular conductor-clamp assembly.

Occasionally, additional devices need to be installed on transmission lines. For example,

aerial marker balls (Fig. 2.4a) are used to comply with government requests and identify one

or more spans on a line. Distributed Series Reactors (Fig. 2.4b) may also be employed on

transmission lines to improve voltage unbalance and alleviate overloading problems. The use

of such devices can eventually lead to aeolian vibration entrapment, i.e., vibrations between

devices that can not be mitigated by the dampers located at the span extremities.

Figure 2.4: Examples of in-span masses: (a) aerial marker ball and (b) Distributed Series Reac-
tor (IEEE, 2015).

2.2.1.2 Galloping

Galloping is a type of wind-induced conductor motion that typically occurs due to thin ice

accretion, with a thickness of one to two millimeters. Ice deposition upon the conductor, such as

the one illustrated in Fig. 2.5, causes an asymmetric condition for the conductor’s cross sectional
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shape, which makes the conductor aerodynamically and/or aeroelastically unstable and can lead

to galloping. Unlike the aeolian vibrations, galloping is a high amplitude oscillatory motion,

with amplitudes that can reach 10 m. It typically occurs at small frequencies of 0.08 to 3 Hz

and is caused by wind velocities of 7 to 18 m/s, approximately. The high dynamic loads can

cause catastrophic damage in a short amount of time to the conductor, hardware installed on the

line and to the transmission towers.

Figure 2.5: Asymmetrical ice accretion in an overhead conductor (Cosmai et al., 2017).

Galloping is usually a vertical motion and can take the form of standing and traveling

waves or a combination of both. In some cases, a horizontal component os oscillation can also

occur. Both vertical and horizontal components are usually out-of-phase, which can lead some

material points in the conductor to display elliptically shaped movements, such as the ones

shown in Fig. 2.6. A twisting motion may also take place, with rotations that can exceed 100º.

Figure 2.6: Examples of elliptical conductor movements caused by galloping. Numbers bellow
each shape indicate percentage of occurrence (EPRI, 2006).

According to EPRI (2006), there is still no reliable method to properly protect the trans-

mission line against galloping, which is applicable to all situations. Even so, there are a few

actions that are usually taken by utilities to protect the transmission line against galloping. The

main actions are:
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• To remove of prevent the formation of ice on the conductor, which is accomplished by

ice-melting schemes and mechanical ice removal;

• To prevent galloping from reaching high vibration amplitudes. The installation of in-

terphase ties does not prevent galloping from happening but reduces its movement;

• To design lines more tolerant to galloping, by increasing vertical clearances based on

galloping ellipses.

2.2.1.3 Wake-induced oscillations

Wake-induced oscillation is a term used to describe several types of wind-induced cyclic

motions that only affect bundled conductors. These oscillations are caused by winds flowing

at speeds of 7 to 18 m/s, leading to the aerodynamic shielding of the leeward conductor by

the windward conductor. Usually these motions occur at frequencies of 0.15 to 10 Hz, with

amplitudes that can reach 2 m. Compared to the other types of wind-induced oscillations, this

a relatively recent issue, as bundled conductors were not used until the 1950s. Wake-induced

oscillations can cause fatigue and sever wear of the conductor and support hardware.

There are four main types of wake-induced oscillations, which are illustrated in Fig. 2.7.

The most common is the subspan mode, where vibrations take the form of elliptical trajectories.

The major axes of these ellipses are horizontal, making this movement visible from the ground.

The other types of motions are considered rigid-body modes due to the little distortion caused

to the bundle cross section. These involve a combination of vertical, horizontal and torsional

movements and are classified based on which movement is predominant.

Figure 2.7: Types of wake-induced oscillations (Cosmai et al., 2017).
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Several methods have been applied to prevent or mitigate the effects of wake-induced

oscillations. Tilting the conductors by angles of more than 20º is a strategy used to place the

leeward conductor in a position where it is not affected by the windward conductor’s wake.

Another strategy is to increase the spacing-to-diameter ratio of the bundled conductors to de-

crease the motion effect. Some four-conductor bundles have been designed using a diamond

configuration, which combines the ideas of placing leeward conductors outside of windward

conductors’ wakes with an increase in the spacing-to-diameter ratio. In particular for subs-

pan oscillations, the most used protection method is to use subspace staggering schemes and

damping spacers, which have been observed to increase wind velocity threshold and reduce

vibration amplitudes.

2.2.2 Fretting fatigue in overhead conductors

Fretting is a surface damage process caused by minute relative displacement between

surfaces in contact. In overhead conductors, fretting occurs at contact regions between wires

of the same or of adjacent layers, and between wires of the external layer with devices that

restrain the movement of the conductor, such as suspension clamps. In these critical regions,

the oscillatory conductor motions, specially the aeolian vibrations, can cause minute relative

displacements between the surfaces in contact. The combination of these displacements with

the clamping force applied to these devices favors the occurrence of fretting, eventually leading

to crack initiation at the fretting marks. The cyclic bending stresses may cause these cracks to

propagate and eventually lead to the rupture of the wires.

It is well known that fretting can significantly reduce the fatigue strength of the com-

ponents in contact, and there are numerous field and laboratory studies that correlate the oc-

currence of fretting with the fatigue damage and failure of overhead conductors and devices

installed on the line (Ouaki et al., 2003; Boniardi et al., 2007; Azevedo et al., 2009; Kalombo

et al., 2015). Despite being a well known problem in conductors for more than 50 years (Fricke

and Rawlins, 1968), the fretting fatigue behavior of conductors is still considered a complex

phenomenon to characterize based on the mechanical properties of the wires. Hence, the tradi-
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tional approach used to describe the fatigue life of a conductor-clamp assembly is still based on

performing fatigue tests on a test bench and estimating its S-N curve (Cosmai et al., 2017).

The process of crack initiation from fretting marks can be summarized as follows. Ini-

tially, an oxide film is removed from the surfaces in contact. Then, the bare surfaces tend to

adhere and form weld junctions that are broken by the minute relative displacements, causing

the detachment of debris from the surfaces. In the case of aluminum wires, the released par-

ticles react with the air of the environment forming aluminum oxide (Al2O3) debris. These

dark particles are significantly harder than the aluminum wires, acting as abrasive materials and

favoring crack initiation from the fretting marks (Aggarwal et al., 2000; Azevedo et al., 2009).

In a typical conductor-clamp assembly, the contact marks can display three main beha-

viors, which are affected by their longitudinal distance from the center of the clamp. Marks

located between the clamp center and the keeper edge (KE) are usually adhered because of

the high pressure produced by the clamp. Between the KE and the last point of contact (LPC)

between conductor and clamp, most marks show characteristics of a partial slip fretting regime,

with the formation of stick and micro slip zones. One example of such a contact mark is shown

in Fig. 2.8. In the stick zone, the surfaces are adhered, while minute relative displacement takes

place at the micro slip zones, leading to the formation of aluminum oxide debris. The stick zone

is usually positioned towards the KE and is larger for marks located close to it. Finally, most

marks ahead of the LPC show characteristics of gross sliding, with the detachment of aluminum

oxide debris at the whole contact zone. Fatigue tests performed on conductors have shown that

the region between the KE and the LPC is usually the most critical to the fatigue failure of

the conductor, as cracks initiate and propagate from the partial slip fretting marks (Zhou et al.,

1994a, 1994b; Ouaki et al., 2003). Cracks may also initiate at gross sliding contacts, but vanish

due to wear before they propagate (Azevedo et al., 2009).
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Figure 2.8: Damaged conductor used on a fatigue test: (a) overall view and (b) contact mark
where partial fretting slip regime occurred.

There are two main shapes of fretting marks observed on overhead conductors. Fretting

marks from the contact between wires of adjacent layers have elliptical shapes (Fig. 2.9a). On

the other hand, a line contact shape (Fig. 2.9b) is observed at external layer wires in contact with

the support clamp or the keeper, and at the contact between wires of the same layer (Fig. 2.9c).

Fatigue tests performed on an ACSR Drake conductor (Zhou et al., 1994b) have shown that

the shape of the contact mark can affect the cracking patterns. For the elliptical contact shape

(Fig. 2.10a), it was observed that cracks can nucleate simultaneously from both extremities of

the contact mark and that these crack propagate at angles of about 30º with respect to the wire

surface. As for the line shape (Figs. 2.10b and c), cracks nucleate parallel to each other and

propagate at angles close to 90º.

Figure 2.9: Fretting marks obtained from the contacts between: (a) wires of adjacent layers, (b)
an external layer wire and the keeper, and (c) wires of the same layer (Zhou et al., 1994a).
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Figure 2.10: Schematic of the crack propagation from the contacts between: (a) wires of adja-
cent layers, (b) an external layer wire and the keeper, and (c) wires of the same layer (Zhou et
al., 1994b).

2.2.3 Characteristics of the transmission line vibration

During the operation of a transmission line, several factors can affect the vibration of an

overhead conductor. For example, the wind speed and direction may change during the day or

throughout the year, temperature variations can change the line tension force, and dampers can

be installed on the line or have their arrangements modified. These factors lead to a complex

loading spectrum with significant amplitude variation (Brunair et al., 1988).

Field vibration measurements are an important tool for the safe design and assessment of

a transmission line. These data can be used to identify damage sources and the risk of fatigue

failure, to assess the remaining lifetime of the conductor, and to evaluate natural damping and

damping configurations (IEEE, 2006). Some of the first recordings of vibrations in transmission

lines can be found in the work of Varney (1926). The researcher designed an apparatus to

measure vibration data using a string connected on one end to an overhead conductor and on

the other end to a wooden block attached to a pencil. When the conductor vibrates, the pencil

moves up and down in response and the movement is registered in a piece of paper in a wooden

slide. Using this device, the researcher obtained short recordings (3 to 11 seconds) of vibration

data for different spans and line loads. In most samples, the conductor exhibited a sinusoidal

amplitude modulation known as beat pattern, as shown in Fig. 2.11.
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Figure 2.11: Four seconds sample of a transmission line vibration exhibiting beat pattern oscil-
lations (Varney, 1926)

The beat pattern oscillations observed by Varney (1926) are caused by the spatial tur-

bulence of wind along the span of a transmission line. This can lead different points of the

conductor to be simultaneously excited at slightly different vibration frequencies. The beat pat-

tern oscillations occur when two or more of these vibrations overlap (Cosmai et al., 2017). With

the advancements in vibration recording devices, researchers have been able to record the vibra-

tion data of several transmission lines where the same beat pattern oscillations can be observed

(Wright and Mini Jr., 1934; Tebo, 1941; Rawlins and Harvey, 1959; Davall et al., 1978).

Noiseux et al. (1987) proposed an analytical model to describe the aeolian vibrations of

conductors. According to their model, these vibrations can be described using narrow frequency

bands, whose envelopes have a Rayleigh distribution. To evaluate the model, vibration data was

obtained from an experimental line located in the Magdalen Islands. The vertical displacements

of a material point in the conductor located at a longitudinal distance of 1 m from the suspension

clamp were measured in 4 s samples. For each ensemble, i.e., subgroup of samples with the

same dominant frequency, the authors compared the distribution of peak values normalized

by the ensemble root mean square (Yc/Yrms) with its probability density function. The results

obtained for the ensembles of 11 and 21 Hz are shown in Fig. 2.12. The authors observed

that the results compare fairly well with a Rayleigh distribution, especially for the ensemble

centered at a frequency of 21 Hz. Thus, it was concluded that the aeolian vibrations can be

modeled by narrow frequency bands.
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Figure 2.12: Normalized probability density function of the peak displacements of an overhead
conductor (Noiseaux et al., 1987)

2.3 Safe design and assessment

This section provides a description of the three main approaches used to assess the vi-

bration severity of overhead conductors. Initially, Section 2.3.1 provides details about the

well-known Poffenberger-Swart (P-S) formula. This equation is used to estimate the nominal

bending stresses acting on outer layer wires of overhead conductors. The concept of nomi-

nal bending stresses or strains is essential to the definition of the endurance limits proposed in

the EPRI (Section 2.3.2) and IEEE (Section 2.3.3) methodologies. In the CIGRÉ WG 22-04

methodology (Section 2.3.4), the P-S equation is employed to associate the bending displace-

ments obtained from a vibration recorder matrix with nominal bending stresses, which can then

be used to estimate the remaining lifetime of the conductor.

2.3.1 Poffenberger-Swart formula

Since the 1930’s, several instruments were developed to measure the relative displacement

of overhead conductors, such as the ones shown in the works of (Wright and Mini Jr., 1934;

Rawlins and Harvey, 1959; Sproule and Edwards, 1959). Around the same time, strain gauges

were being employed to investigate several structures subjected to dynamic loading, and in the
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1950’s researchers began to apply the technology to non-energized conductors in outdoor and

laboratory test spans (Ruhlman et al., 1959; Steidel Jr., 1959).

One of the challenges faced by researchers at the time was the lack of mathematical and

experimental evidences that supported the use of relative displacement measurements to esti-

mate the stresses or strains on conductors. This led to the formation of the Task Force on Stan-

dardization of Conductor Vibration Measurements by the AIEE Transmission and Distribution

Committee in 1961. Their goal was to recommend a standard method for measuring conductor

vibration. The Task Force performed a series of experimental tests on different types of ACSR

conductors and compared displacement and strain measurements, as reported by (Poffenberger

and Swart, 1965). The results from these tests showed that the relation between displacement

and strain was affected by the tension force applied to the conductor and the diameter of its

individual wires, but not by the vibration frequency.

These experimental results motivated Poffenberger and Swart (1965) to propose a mathe-

matical relationship between differential displacement and bending strain in overhead conduc-

tors. Their goal was to provide an analytical solution that could be used for general geometries

and materials of the conductor. The formulation was deduced by considering the conductor as

a beam fully fixed at one end and subjected to tension force, bending moment and distributed

transverse load.

Despite being originally formulated for bending strains, the Poffenberger-Swart formula-

tion is usually expressed as a relation between the bending stress amplitude σa (zero-to-peak) of

an external layer wire at the exit of the clamp mouth and the bending displacement amplitude

Yb (peak-to-valley) and can be written as

σa = KYb (2.1)

The bending displacement amplitude used in Eq. (2.1) was defined by IEEE (1966) as the ver-

tical displacement range (peak-to-valley) of a material point of the conductor diametrically

opposed to the Last Point of Contact (LPC) between conductor and clamp and located at a

longitudinal distance of 89 mm from the LPC, as illustrated in Fig. 2.13.
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Figure 2.13: Schematic of the conductor-clamp assembly illustrating the measurement of the
bending displacement amplitude. Adapted from (Kalombo et al., 2015).

The parameter K in Eq. (2.1) expresses the influence of the applied tension force and the

conductor’s geometry and material on the relation between bending stress and bending displa-

cement amplitudes. This parameter can be estimated as

K =
Eadap

2

4(e−px − 1 + px)
(2.2)

where Ea and da are the Young’s modulus and diameter of an aluminum wire located at the

external layer of the conductor, respectively, and x is the longitudinal distance between the

point in the conductor where the vertical displacement is measured and the last point of contact

between conductor and clamp (usually taken as x = 89 mm). The parameter p can be calculated

as

p =

√
T

EI
(2.3)

where T is the tension force applied to the conductor and EI is its flexural stiffness.

According to Poffenberger and Swart (1965), the flexural stiffness, EI , in Eq. (2.3) can be

determined using three different approaches: (i) by considering that all wires act as individual

elements, (ii) that all wires act as if they were welded together, or (iii) somewhere between

the other two behaviors. For their analyzes, they only considered the first approach, where the

minimum flexural stiffness can be determined by

EImin = naEa
πd4a
64

+ nsEs
πd4s
64

(2.4)
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where na, Ea and da are the number, Young’s modulus and diameter of the aluminum wires,

respectively, while ns, Es and ds are the number, Young’s modulus and diameter of the steel

wires, respectively.

2.3.2 EPRI methodology

EPRI (2006) gathered data from numerous fatigue tests performed on ACSR (Aluminum

Conductor Steel Reinforced Cable), AAAC (All Aluminum Alloy Cable), steel and copper

conductors. These tests were performed on fatigue test benches, where the conductors were

supported by conventional rigid clamps. The bending stresses were estimated from these tests

based on either the free-loop amplitude or the bending displacement and the endurance limits

were estimated as the maximum bending stresses that could be applied for 500 million cycles

without any wire break.

Based on the fatigue test data, EPRI recommended a maximum bending stress of 22.5

MPa for single-layer and 8.5 for multi-layer ACSR conductors. For AAAC conductors, the

test data suggested that the same endurance limits could be used for conductors made of 1350

and 5005 aluminum alloys. For conductors made of 6201 or similar alloys, the endurance

limits should be approximately 2/3 of the limits proposed for the ACSR conductors, resulting in

maximum bending stresses of 15 MPa and 5.7 MPa for single-layer and multi-layer conductors,

respectively. Data from tests performed on conductors with armor rods suggest that this fitting

does not significantly impact the fatigue performance and the proposed endurance limits may

be applied to conductors with or without armor rods (EPRI, 2006; IEEE, 2006).

2.3.3 IEEE methodology

IEEE (1966) proposed a general method to assess the severity of vibrations in overhead

conductors using a maximum bending strain limit. Based on field vibration measurements

taken from a 54/7 ACSR conductor, it was observed that a peak-to-valley bending strain of 150

microstrains did not produce fatigue damage on the conductor after 30 years of service. The

authors observed that this value should only be used as a guide and recommended that a bending
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strain of 200 microstrains could also be considered safe. The report concluded that future work

would still be required to determine a maximum strain limit more precisely. While this criterion

has been shown to generally be conservative, it is still used by utilities worldwide for the safety

assessment of lines with damping systems (EPRI, 2006).

The endurance limits given by the EPRI and the IEEE methodologies were initially de-

fined to never be exceeded during the conductor’s lifetime. However, IEEE (2006) recognized

later that this assumption was overly conservative and that these limits could be exceeded du-

ring a limited number of cycles without compromising the fatigue resistance of the conductor.

Based on empirical observations, IEEE (2006) proposed the following three criteria:

• The endurance limit should not be exceeded by more than 5% of the cycles;

• The bending stress or strain can exceed the endurance limits by 1.5 times during a maxi-

mum of 1% of the cycles;

• The bending stress or strain can not exceed the endurance limit by more than 2 times.

2.3.4 CIGRÉ WG 22-04 methodology

The safe design and assessment methods presented in Sections 2.3.2 and 2.3.3 are ba-

sed on the definition of endurance limits. On the other hand, the CIGRÉ WG 22-04 method

(CIGRÉ, 1979) relies on the use of Miner’s cumulative damage rule to estimate the remaining

lifetime of overhead conductors. The method requires the use of bending displacement ampli-

tude data, which is typically measured by a vibration recorder and stored in a memory matrix.

The vibrations should be measured during a period of at least one second and for a minimum

of four times per hour (IEEE, 1966; CIGRÉ, 1995). To obtain a representative description of

the conductor’s vibrations, IEEE (1966) suggests that the recordings should be obtained during

a period of at least two weeks, while CIGRÉ (1995) recommends a minimum period of three

months to obtain statistically meaningful results.

The procedure used to obtain the lifetime estimate is illustrated in Fig. 2.14. Initially,

the bending displacement amplitude data obtained from the vibration recorder is converted into

27



bending stress data using Poffenber-Swart formulation and the results are extrapolated to one

year. The bending stress data can then be expressed in an accumulated stress curve, relating the

bending stresses with the expected number of cycles in one year. Then, Miner’s damage rule

can be applied by comparing the accumulated stress curve with a reference S-N curve. The

fatigue damage, ∆D, produced during one year can be estimated as

∆D =
k∑

j=1

Nj

Nfj
(2.5)

where k is the number of bending stresses obtained from the vibration data, Nj is the number

of cycles expected in one year at the bending stress σaj , and Nfj is the number of cycles the

conductor could sustain at the same bending stress based on the reference S-N curve. Finally,

the lifetime of the conductor in years, Nyears, can expressed as

Nyears =
Dc

∆D
(2.6)

where Dc is the critical damage, usually assumed to be Dc = 1.

Figure 2.14: Comparison between the accumulated stress curve obtained from vibration mea-
surements with a reference stress-life curve (CIGRÉ, 1995).
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There are two main approaches used to obtain the reference S-N curve used in this pro-

cedure. The first approach, which is recommended by EPRI (2006), is to perform fatigue tests

on the conductor-clamp assembly using different bending displacement amplitudes and express

the S-N curve in terms of the number of cycles required for a certain number of wire breaks

(usually between one to five). More details about such tests are given in Section 2.4.1. The

second approach was proposed by CIGRÉ (1979) and it consists in using the so-called CIGRÉ

Safe Border Line (CSBL). The CSBL is an idealized stress-life curve that represents a safe

limit for conductors with aluminum or aluminum alloy wires. It was proposed as a means of

obtaining conservative fatigue life estimates for the conductor if the S-N curve is unavailable.

The CSBL was derived from a series of fatigue tests performed on individual wires and

conductors with and without fittings. The test data were produced by four different institutes

using ACSR (Aluminum Conductor Steel Reinforced), AAAC (All Aluminum Alloy Conduc-

tor), and pure aluminum conductors. The individual wires were tested under rotating bending

and alternating flat bending, while the conductors were tested under alternating flat bending

and pulsating tension forces. Figs. 2.15a and b show the experimental setup used for the tests

with conductors without and with fittings, respectively. The results were expressed in the S-N

curves shown in Fig. 2.15c. Based on these results, CIGRÉ proposed the CSBL as an S-N

curve which changes slope at Nf = 2× 107 cycles. The CSBL can be express by the following

equations:

σa = 450N−0.200
f , for Nf ≤ 2× 107 cycles (2.7)

σa = 263N−0.168
f , for Nf ≥ 2× 107 cycles (2.8)

where σa is the bending stress, in MPa, and Nf is the number of cycles to failure.
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a b c

Figure 2.15: Examples of conductor specimens (a) without fittings and (b) with an armor rod
and a suspension clamp used to determine the (c) CIGRÉ Safe Border Line (CIGRÉ, 1979).

2.4 Experimental studies

In this literature review, three main experimental approaches used by researchers to in-

vestigate the fatigue behavior of overhead conductors were identified. The first and most usual

approach (Section 2.4.1) is to perform fatigue tests on conductor-clamp assemblies. In these

tests, the conductor is subjected to cyclic oscillations that are representative of the aeolian vi-

brations in transmission lines. The main objective of these tests is to obtain the S-N curve of

a particular conductor-clamp assembly, which can be used for the design and maintenance of

transmission lines. Furthermore, these tests can provide a better understanding of the different

parameters that can affect the fatigue behavior of the conductor, such as the suspension clamp

geometry and the presence of lubricants.

The second experimental approach (Section 2.4.2) is to perform fatigue tests on individual

wires taken from overhead conductors, usually containing geometric discontinuities. Notched

wires are used to reproduce some of the effects caused by fretting between the conductor’s

wires. The main objectives of these tests are to investigate the fatigue behavior of wires with

notches and to be used as input data for life prediction methodologies of wires under fretting
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fatigue.

The third approach (Section 2.4.3) is to perform fretting fatigue tests in a wire scale, i.e.,

in a wire placed in contact with another wire or with a support used to represent the suspen-

sion clamp. These tests can lead to a better understanding of factors that affect the fretting

process and crack initiation in wires. The data from these tests can also be used to evaluate

methodologies for predicting the lives or fatigue limits of wires under fretting conditions.

2.4.1 Fatigue tests on conductors

The majority of experimental studies on the fatigue failure of overhead conductors con-

sists of laboratory fatigue tests on conductors mounted on suspension clamps. In general, these

tests are conducted on resonant test benches. To exemplify the construction and operation of the

laboratory equipment used in these tests, a description of the resonant test benches located at

University of Brasilia is presented in Section 2.4.1.1. Then, the main findings from fatigue tests

performed on such test benches are discussed in Sections 2.4.1.2 and 2.4.1.3. Section 2.4.1.2 is

focused on the fatigue tests performed with constant amplitude loading, which comprise the ma-

jority of the experimental work, while Section 2.4.1.3 details the tests performed with variable

amplitude loading, which propose more realistic representations of the aeolian vibrations.

2.4.1.1 Description of a fatigue test bench

This section provides a brief description of the three resonant fatigue test benches located

at the Laboratory of Fatigue and Structural Integrity of Overhead Conductors of the University

of Brasilia, shown in Fig. 2.16a. The description presented in this section is specific for these

test benches, but the principles of construction and operation are similar to other test benches,

such as the ones described in (Cardou et al., 1990; Kubelwa et al., 2017). Each bench is compo-

sed of an active (40 m) and a passive (7 m) spans. At one end of the active span, the conductor

is assembled in a suspension clamp, rigidly attached to a metallic cradle, as shown in Fig. 2.16b.

The inclination of this cradle can be adjusted to reproduce the sag angle of the conductor. At

the other end, the conductor is attached to a lever arm with a system of removable dead weights,
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responsible for controlling the static tension force.

a

b c d

Figure 2.16: Resonant fatigue test benches: (a) schematic overview, (b) conductor/clamp as-
sembly, (c) electronic shaker and (d) rotation sensor.

To perform the fatigue tests, an electronically controlled shaker, Fig. 2.16c, is connected

to the conductor within the active span. The shaker is responsible for imposing a vertical cyclic

displacement to the conductor, which is used to represent the aeolian vibrations. An accelero-

meter is installed on the conductor at a point located at a longitudinal distance of 89 mm with

respect to the last point of contact between conductor and clamp. The accelerometer and sha-

ker are connected to a closed-loop control system, which is used to ensure that the prescribed

bending displacement is maintained throughout the test.

The detection of wire breaks is accomplished by using the rotation sensor shown in

Fig. 2.16d, which is placed at the first node from the suspension clamp. The rotation sensor

contains two aluminum blades and two laser sensors. The blades are attached to the conductor

using a hose clamp. When a wire break occurs, the tangential components of the forces ac-

ting on the remaining wires are redistributed, causing the conductor to rotate. As a result, the

32



aluminum blades also rotate and this movement is detected by the laser sensors. Since the con-

ductor’s layers are twisted in alternating directions, rotations can occur on clockwise or counter

clockwise directions, allowing the system to identify the layer where the wire break occurred.

2.4.1.2 Constant amplitude loading tests

Most of the tests performed in resonant test benches such as the one described in Section

2.4.1.1 use constant amplitude loading to represent the aeolian vibrations. The main goal of

these tests is to obtain the S-N curves of conductor-clamp assemblies, such as the ones exem-

plified in Fig. 2.17. These curves can be used to estimate the fatigue limit of the conductor,

usually assumed to be 500 million cycles. The S-N curves can also be used to compare the

fatigue resistance of conductors made with different materials, facilitating the choice of the

conductor to be used in a transmission line.

Figure 2.17: Stress life curves of overhead conductors mounted on metallic suspension clamps
(Kalombo et al., 2018b)

In addition to obtaining S-N curves, the fatigue tests in resonant test benches have

been extensively used to investigate the effect of different parameters on the fatigue failure
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of overhead conductors. For instance, most of the current knowledge about fretting fatigue in

overhead conductors (previously discussed in Section 2.2.2) was obtained from these types of

test. In what follows, this section describes the main findings from several studies, which are

organized according to the main parameter being analyzed.

Mean stress

Cardou et al. (1990) performed fatigue tests on an ACSR Bersimis conductor subjected

to tension forces of 15%, 25% and 35% of the rated tensile strength (RTS). The tests were

performed using a commercial suspension clamp and a steel support similar to a circularly

grooved pulley, which was designed to have a good conformity between conductor and groove.

One specific objective of these tests was to characterize the behavior of the conductors for long

fatigue lives (up to 108 cycles). It was observed that the mean tensile load had a significant

effect on the fatigue resistance at 108 cycles when comparing the tests performed with 15% and

25% of the RTS. However, little difference was observed between the tests with 25% and 35%

of the RTS.

Fadel et al. (2012) investigated the effect of mean stress in the fatigue life of an ACSR Ibis

conductor. Fatigue tests were performed using tension forces of 20% and 30% of the RTS. The

obtained S-N curves showed that the increase in tension force significantly reduced the fatigue

life of the conductor for low stress amplitudes (<35 MPa), but had little effect for higher stress

amplitudes. Fractography examination revealed the occurrence of quasi-planar, V-type and 45°

type of fracture surfaces in all tests. Quasi-planar fractures were predominant at tests with a

mean force of 20% of the RTS, while 45° type and V-type of fractures happened more frequently

in the tests with 30% of the RTS. The mean stress also influenced the radial distribution of wire

breaks. In the tests with 20% of the RTS, an even distribution of wire breaks between external

and internal layers was observed, while external layer wire breaks were predominant for the

tests with 30% of the RTS.

Recently, extensive research has been carried out by Kalombo et al. (2017, 2018a, 2018b,

2019) to investigate the applicability of the H/w (or catenary) parameter to design safe trans-

mission lines with respect to the stretching force applied to the conductor. Numerous fatigue
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tests were performed on AAAC (All Aluminum Alloy Conductor), AAC (All Aluminum Con-

ductor), ACSR (Aluminum Conductor Steel Reinforced), and ACAR (Aluminum Conductor

Alloy Reinforced) overhead conductors. It was observed that the H/w parameter can have a

significant effect on the fatigue lives of all studied conductors. Comparisons between the S-

N curves obtained for different conductors subjected to the same level of the H/w parameter

showed significant differences in the fatigue resistance of the conductors. For instance, the fa-

tigue lives observed for the ACSR Tern were about four times longer than those observed for

the AAAC 900 MCM conductor under the same load conditions. Thus, the authors concluded

that a single value of the H/w parameter should not be used to design all types of conductors,

and that specific catenary parameters could be defined for the different conductor configurations

(AAAC, AAC, ACSR or ACAR).

Kalombo et al. (2017) also used the following linear equation to correlate the mean stress,

Sm, acting on the aluminum wires of the external layer of conductors with the H/w parameter:

Sm
∼= gρa

H

w
(2.9)

where g is the gravitational acceleration and ρa is the aluminum density. This equation was

evaluated by performing static tension tests on AAAC 900 MCM and ACSR Tern conductors.

In these tests, strain gages were glued to external layer wires on the region opposed to the

last point of contact between conductor and clamp. Using Hooke’s law, the measured strains

were associated with mean stresses and compared to the predictions given by Eq. (2.9). For

both conductors and magnitudes of the catenary parameter used in their study, the estimates

obtained by the equation were in good agreement with the stresses estimated from the strain

measurements, with differences below 10%.

Type and geometry of the clamp device

As mentioned in Section 2.2.2, fatigue failures in overhead conductors usually occur in

the contact between the conductor and clamp devices that restrain its movement. Most studies

take this into account by performing fatigue tests on conductor-clamp assemblies. However,
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tests are usually performed using only one type and geometry of clamp device. In this context,

some studies (Miranda et al., 2022; Cardou et al., 1992; McGill and Ramey, 1986) have focused

on evaluating the influence of the clamp device on the fatigue behavior of the conductor.

Possibly the first study to focus on suspension clamp geometry was performed by McGill

and Ramey (1986). The authors carried out a series of static and fatigue tests on an ACSR

Drake conductor. Clamps were developed with three different cross-sectional radius. Deep and

shallow grooved variations of the cross-sectional fit were used, the first one presenting more

resemblance to a real conductor conformation. In both static and fatigue tests, strain gages were

glued to external layer wires near the clamp. In the static tests, the measured strains varied in an

inverse manner to the cross-sectional radius of the clamp. The same behavior was observed in

the fatigue tests regarding the strain amplitude. In terms of cross-sectional fit, the deep grooved

fit presented lower strain measurements in static tests, but both fits provided, on average, the

same number of broken wires in the fatigue tests.

While most studies are performed on conductor-suspension clamp assemblies, Cardou

et al. (1992) focused on the fatigue behavior of an ACSR Bersfort conductor connected to two

types of spacer clamps. The first type was a pre-twisted rod spacer clamp with an X shape, while

the second type was a home-made bolted clamp. It was observed that the pressure imposed by

the bolted clamp to the conductor is significantly higher than the pressure caused by the rod

clamp. Hence, the fatigue strength of the conductor was smaller for the tests performed using

the bolted clamp. The longitudinal and radial distributions of the crack initiation sites were also

investigated. For the rod clamp, the researchers observed that wire breaks occurred inside the

clamp and in its vicinity, while almost all wire breaks occurred inside the bolted clamp. In terms

of radial distribution of wire breaks, it was observed that most of them occurred on the bottom

portion of the conductor.

Miranda et al. (2022) evaluated the fatigue behavior of an AAAC 823 MCM and an

AAAC 900 MCM conductors mounted with the metallic and elastomeric suspension clamps.

To investigate the applicability of Poffenberger-Swart’s formulation to both types of clamp, the

authors estimated a conversion factor by plotting the bending stresses (obtained using Hooke’s

law from strain measurements) and the bending displacements, and fitted the test data by a linear

36



function. This analysis showed that the Poffenberger-Swart equation provided reasonable ben-

ding stress estimates for the metallic clamp, but overestimated the stiffness of the elastomeric

clamp. The obtained S-N curves indicated a higher fatigue strength for the conductors mounted

with the elastomeric clamp, which the authors attributed to higher compliance and less contact

pressure and friction between conductor and clamp. The type of clamp device also influenced

the distribution of crack initiation sites. In terms of longitudinal position of wire beaks, almost

all failures occurred inside the metallic clamp. Most failures also occured inside the elastomeric

clamp, but a larger dispersion was observed. As for the radial distribution of wire breaks, most

failures occurred on the outer layer for the metallic clamp and on the intermediate layer for the

elastomeric clamp. The majority of failures happened at the top portion of the conductors for

both materials, except when using the metallic clamp with the AAAC 823 MCM conductor.

High temperatures

Costa et al. (2020) designed a system to control the heat of the conductor-clamp assem-

bly used in test benches. The idea was to represent the heating of the conductor due to the high

voltages experienced in real transmission lines, and verify the effect of the higher temperatures

in the fatigue behavior of the conductor. The researchers designed an open heating system that

was installed around the clamp of the test bench. A proportional–integral–derivative controller

and an infrared camera were used to control and measure the temperature in the heating equip-

ment. The system was designed to be capable of raising the temperature of the conductor-clamp

assembly from 20 to 150 ºC. To evaluate the proposed system, fatigue tests were performed on

an Orchid conductor using a temperature of 75 ºC in the clamped region, and the results of

these tests were compared to previously obtained ones under room temperature. The authors

observed a significant reduction of fatigue life when the temperature was raised to 75 ºC.

Lubricants

Studies on the effect of lubrication in the fretting damage of cables have usually been

limited to steel cables, as most researchers are concerned with lifting systems such as those

used in the mining industries (McColl et al., 1995; Sun et al., 2020; Xu et al., 2021). Few
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studies have tried to evaluate the effect of lubricants on the fatigue behavior of conductors,

with the major contributions being attributed to the extensive work of Zhou et al. (1995, 1996,

1999), The researchers performed several fatigue tests on ACSR Zebra conductors in both dry

and lubricated conditions, using a spacer clamp to support the conductor.

As mentioned in Section 2.2.2, there are three main contact behaviors observed on typical

conductor-clamp assemblies: stick, partial slip and gross sliding. However, Zhou et al. observed

that the use of a lubricant resulted in a fourth type of behavior, where the contact displays slight

wear but there is no formation of aluminum oxide debris because of the grease protection. The

contact marks that displayed this behavior were located close to the clamp, between the marks

in stick and in partial slip conditions.

In terms of failures caused by fretting fatigue, it was observed that the lubricant provides

significant improvements to the durability of the conductor. The researchers observed that fewer

and smaller contact marks were developed on the lubricated conductor in the critical region near

the suspension clamp. In addition, it was observed that crack propagation was more severe for

the dry conductor than the lubricated one for contact marks under partial slip fretting regime. As

a result, for the same number of loading cycles, cracks would initiate on both dry and lubricated

conductors but would only lead to wire rupture on the dry conductor. Despite these advantages,

the authors note that the durability of the lubrication can be an issue since fretting can remove

the lubrication film and even if replenished, the grease may not be able to access the inner region

of the contacts.

2.4.1.3 Variable amplitude loading tests

As discussed in Section 2.2.3 the aeolian vibrations in overhead conductors have a vari-

able amplitude nature. Despite that, few studies have attempted to reproduce these amplitude

variations in fatigue tests of conductors. Among the variable amplitude loading (VAL) tests

discussed in this section, the majority has been performed on resonant test benches, using a

conductor-clamp assembly. The only exceptions are the tests described in (CIGRÉ, 1979),

which were performed on conventional hydraulic testing machines.

The main approaches used by researchers to represent the amplitude variations in these
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fatigue tests consist in applying loading blocks (CIGRÉ, 1979; Ramey and Silva, 1981; Brunair

et al., 1988; Goudreau et al., 2005; Murça, 2011) or in using random loading spectra (Goudreau

et al., 2005; Ferreira et al., 2023). Usually, these studies combine Miner’s damage rule with

the rainflow cycle counting method (when necessary) to calculate the fatigue damage fraction

∆D produced by the loading history. The damage fraction is then used to estimate the critical

damage Dc, i.e., the cumulative damage that leads to the conductor’s failure.

Table 2.3 presents the range of critical damages estimated from the VAL tests. Typically,

Miner’s damage rule is applied for fatigue life prediction by considering a critical damage Dc =

1. Based on the results shown in Table 2.3, the use of a critical damage Dc = 1 seems to

be appropriate to represent the fatigue failure of overhead conductors subjected to variable

amplitude loading. It is worth noticing that the loading sequence affects the critical damage

values obtained in the tests with loading blocks. In these tests, it has been observed that Miner’s

damage rule is in general conservative (Dc ≥ 1) for tests with decreasing loading sequences,

and non conservative (Dc ≤ 1) for increasing loading sequences.

Table 2.3: Summary of the critical damages estimated from VAL tests on conductors.

Conductor Loading type Critical damage Reference

AlMgSi Block loading 1.06–2.14 CIGRÉ (1979)
AlMgSi Block loading 0.71–2.27 CIGRÉ (1979)
ACSR Drake Block loading 0.67–3.38 Brunair et al. (1988)
ACSR Drake Block loading 0.86–1.79 Brunair et al. (1988)
ACSR Bersfort Block loading 0.4–1.7 Goudreau et al. (2005)
ACSR Crow Loading spectrum 0.3–1.7 Goudreau et al. (2005)
ACSR Ibis Loading spectrum 0.44–0.89 Ferreira et al. (2023)

2.4.2 Fatigue tests on individual wires

The fatigue failures of wires in overhead conductors usually happen due to cracks that

initiate at fretting marks and propagate due to the cyclic bending stresses caused by wind-

induced oscillations. The fretting wires share common features with notched components, such

as stress concentration and stress gradient. These similarities have led researchers to perform
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fatigue tests on individual wires taken from overhead conductors. These wires are usually

machined to produce reduced cross sections or geometric discontinuities. The main objectives

of these tests are to investigate the fatigue behavior of wires subjected to characteristics that

are common to notched components and fretting wires, and to propose methodologies for life

estimation that are applicable to notched components and that could be extended to the fretting

problem.

In the study performed by Achiriloaiei et al. (2016), the effect of the plastic deforma-

tion caused by the contact between two crossed wires on fatigue life was investigated. The

researchers used a fixing device to compress one wire against the other, causing the plastic de-

formation. Different normal forces and crossing angles were adopted in this procedure. Then,

tension and fatigue tests were performed on plain wires and on the plastically deformed wires.

The authors observed that for fatigue lives in the order of 105 cycles, the plastic deformation

did not present a significant effect on fatigue life. However, for fatigue lives longer than 106

cycles, the plastic deformation caused a noticeable reduction in fatigue life. In these cases, the

crossing angle between the wires plays a significant role on fatigue performance, with lower

crossing angles resulting in shorter fatigue lives.

Martínez et al. (2018) performed an experimental-numerical methodology to estimate the

fatigue life of 6201-T81 aluminum alloy wires containing a transverse hole. The life prediction

model made use of the point method variation of the Theory of Critical Distances (TCD). The

critical distance was considered as a function of fatigue life and, to calibrate this relation, the

researchers used stress-life curves obtained from fully reversed axial fatigue tests on plain and

V-notched wires. A finite element model of the wire containing a transverse hole was developed

and used to estimate the fatigue damage based on the maximum principal stress in a material

point located in the vicinity of the notch root. The authors observed that the model was capable

of estimating the fatigue lives with reasonable accuracy for tests in which the fatigue life was

in the order of 106 cycles. However, less accurate fatigue lives were estimated when the expe-

rimental fatigue lives were lower than 105 cycles. In this case, the estimated lives were always

conservative.

The procedure presented in (Martínez et al., 2018) was extended by Adriano et al. (2018).
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In their work, the fatigue lives of V-notched wires, wires with a blind hole and wires with

a transverse hole were estimated. Fatigue tests were performed using V-notched wires and

wires with a blind hole. The point and volume methods of the TCD were used to estimate the

fatigue lives. Two distinct procedures were adopted to calibrate the relation between the critical

distance and the fatigue life. The first calibration procedure was identical to the one performed

in (Martínez et al., 2018), using one stress-life curve from the test data of the plain wires and

the other from the V-notched wires. The second calibration procedure also used two stress-life

curves, but in this case both curves are determined from tests with notched specimens. For their

research, the authors used the test data from the V-notched wires and from the wires containing

a transverse hole. It was observed that the point and the volume method variations yielded

similar life estimates, regardless of the calibration procedure adopted. However, the fatigue

lives estimated using the second calibration procedure had better agreement to the experimental

results.

2.4.3 Wire-scale fretting tests

Recent studies have been focused on investigating the fatigue behavior of overhead con-

ductors by means of wire scale fretting tests, in which a wire is placed in contact with another

wire or with a pad (used to represent the suspension clamp) and is subjected to a cyclic loading

or displacement. These tests attempt to reproduce the loading conditions on the contact between

wires of adjacent layers (Section 2.4.3.1) or between an external layer wire and the suspension

clamp (Section 2.4.3.2). The main objectives of these studies are (i) to better evaluate the influ-

ence of different parameters on the fretting fatigue of the conductor’s wires, and (ii) to provide

wire/wire or wire/clamp fretting fatigue test data, which can be used in global-local approaches

for fatigue life prediction of overhead conductors.

2.4.3.1 Wire-wire tests

In Section 2.4.1.2, the effect of lubricants on fretting fatigue was discussed based on

the studies performed by Zhou et al. (1995, 1996, 1999). To further analyze the effects of

41



lubricant on fretting, the researchers performed additional fatigue tests on wires in contact under

lubricated and dry conditions. In these tests, the wire specimen is stretched by a tension force.

Then, two identical wires are pressed against the specimen at a crossing angle of 29º, and a

cyclic displacement is imposed to one end of the specimen. It was observed from these tests

that the influence of grease on fretting damage increases as the compressive force or cyclic

displacement is increased. In particular for gross sliding conditions under high compressive

forces, it was observed that the grease film is rapidly removed from the contact mark, leading

to similar fretting damage for both dry and lubricated wires.

Rocha et al. (2019) proposed a finite element-based methodology to predict the fatigue

life of wires under fretting fatigue. The methodology combines the use of the Theory of Cri-

tical Distances with a stress-based version of the Smith–Watson–Topper fatigue parameter to

quantify the fatigue damage. To investigate the accuracy of the proposed model, the authors

conducted fretting fatigue tests between 1350-H19 aluminum alloy wires and compared the ex-

perimental lives to the ones estimated by the model. They observed that the model was capable

of estimating the fatigue lives of the wires with reasonable accuracy, with estimated lives falling

within factors of three of the observed lives.

The life estimation methodology proposed by Rocha et al. (2019) was further evaluated

by Araújo et al. (2020) and Matos et al. (2020) using the 6201-T81 aluminum alloy. In these

studies, the authors proposed the inclusion of an elastic-plastic constitutive behavior into the

finite element contact model of the wires, in addition to the linear elastic model that was initi-

ally used by Rocha et al. (2019). They observed that, for the 6201-T81 aluminum alloy wires,

the use of a linear elastic contact model provided overly conservative life estimates, while the

elastic-plastic model significantly improved life estimates. The Smith–Watson–Topper para-

meter was also used in (Matos et al., 2020) to estimate the orientations of the critical planes.

Overall, a reasonable agreement was obtained between the measured critical plane orientations

and the predictions yielded by the fatigue parameter.

A similar strategy was used by Said et al. (2020a) to predict the endurance limit of the

wires in contact. Initially, the researchers performed finite element simulations of the conductor-

clamp assembly to estimate the compressive, tangential and fatigue forces on the contact marks.
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Then, the estimated loads were employed into a finite element-based analysis of the wire-wire

contact configuration. The simulations were used to assess the fatigue damage of the wire,

using the point method variation of the Theory of Critical Distances and the Crossland fatigue

parameter. To validate the proposed model, the authors performed wire-wire fatigue tests, using

quasi-pure aluminum wires. They observed that the model was capable of accurately predicting

the crack initiation site and whether cracks would initiate or not. However, the initial assumption

used in their model that any initiated crack would eventually propagate and break the wire was

not observed experimentally. The authors attributed this behavior to the occurrence of a crack

arrest phenomenon, and to verify this hypothesis, they performed 3D-surface-crack simulations.

Some preliminary analyses suggested that the crack arrest phenomenon took place.

The conclusions taken about the crack arrest phenomenon by Said et al. (2020a) motivated

the researchers to further investigate this phenomenon in (Said et al., 2020b). For that, new

fretting fatigue tests were conducted using the same quasi-pure aluminum wires. Once again,

the loading conditions imposed in these fretting tests were based on finite element simulations

of the conductor-clamp assembly. The researchers investigated the orientation and size of the

cracks from specimens that did not break during the fretting tests. Using these measurements,

they implemented a model of the cracks into the finite element simulations of the wires. Based

on these new simulations performed with a crack model, they concluded that, even in a fully

compressive state, the crack can propagate due to in-plane shear stresses. Finally, a Stress

Intensity Factor threshold was proposed, below which crack arrest phenomenon occurs.

Pereira et al. (2020) performed fretting fatigue tests between two wires of the aluminum

alloy 1350-H19 using three different normal forces: 250, 500 and 1000 N. Five different mean

stress models were used to estimate the fatigue life of the wires used in the wire-wire fatigue

tests: Goodman, Gerber, Morrow, Smith–Watson–Topper and Walker. To perform the fatigue

life estimation, the researchers considered that the equivalent fully reversed stress amplitude

can be related to the fatigue life by a power law function. One of the parameters of said func-

tion was determined based on the maximum von Mises stress near the contact region and an

equivalent radius of the notch root for the contact surface. Both of these properties were esti-

mated based on finite element simulations of the wire-wire fatigue tests. For Goodman, Morrow
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and Smith–Watson–Topper models, the fatigue life estimations were generally conservative. In

these models, fatigue life estimations had a better agreement with experimental data for the tests

performed with a normal force of 500 N. The same behavior was observed when using Walker’s

model with a fitting parameter γ = 0.6. For Gerber’s model, fatigue life estimations had a good

agreement with experimental data. However, for the normal loads of 500 N and 1000 N, the

accuracy of the life estimations decreased with longer fatigue lives. The best agreement with

experimental data was observed when using Walker’s model with a fitting parameter γ = 0.75.

2.4.3.2 Wire-clamp tests

Steier et al. (2018) performed fretting wear tests on 1350-H19 aluminum alloy wires tes-

ted against flat discs, used to represent suspension clamps. The wires were extracted from an

Ibis conductor, while the disc material was extracted from a casted suspension clamp made of

SAE 305 aluminum alloy. Two surface modifications were applied to the discs: Diamond Like

Carbon (DLC) coating and anodization method. For each surface modification, three fretting

wear tests were performed by compressing the wire specimen into the flat disc and then im-

posing a cyclic displacement. The authors observed a high amount of material transfer from

the wire specimen to the disc when the anodised coating was applied, while no material transfer

happened when the DLC coating was applied. Furthermore, they observed that the DLC coating

significantly reduced the wear damage of the wire and the disc.

Section 2.4.3.1 described some studies focused on the development of a global-local ap-

proach for life prediction of the conductor-clamp system based on the wire-wire contact con-

figuration. The study performed by Omrani et al. (2021) follows the same topic, but focuses

on the wire-clamp contact condition. In addition to the standard fretting fatigue tests with axial

fatigue loading, biaxial fretting tests were performed, where the wire specimen was subjected to

cyclic axial and transverse loadings. The researchers considered that the biaxial condition was

more representative of the fatigue behavior of the conductor, based on results from previously

performed finite element simulations of the conductor-clamp assembly. The loading conditions

applied in the fretting tests were defined based on the potential crack initiation sites identified

during finite element simulations of the conductor-clamp system. The methodology was evalu-
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ated by comparing the fatigue lives obtained from the fretting tests with the number of cycles

to first wire rupture obtained from fatigue tests with an ACSR Bersfort conductor. Overall, the

fretting fatigue tests provided fatigue lives in good agreement to the ones observed in the fatigue

tests with the conductor, despite being slightly non-conservative.

Fretting tests were performed by Omrani et al. (2022) to estimate the transition sliding

amplitude between partial slip and gross sliding, and the friction coefficient in the wire-clamp

contact. Two test configurations were used: variable displacement amplitude (VDA) and cons-

tant displacement amplitude (CDA). In both types of test, the wire specimen was stretched and

put into contact with a pad. In the VDA tests, a cyclic displacement was imposed to the speci-

men and its amplitude was repeatedly increased after a predetermined number of cycles. The

CDA tests were similar, but a different specimen was used for each increment. From the VDA

tests, the researchers estimated the transition sliding amplitude as the one that resulted in a no-

ticeable change of the shape of the hysteresis loops. A similar result was obtained by visually

examining the contact marks produced in the CDA tests and identifying the displacement am-

plitude required for the occurrence of wear in the center of the contact area. To estimate the

coefficient of friction, the researchers plotted the ratio between tangential force amplitude and

normal contact force, Q/P , as a function of the displacement amplitude. It was observed that

the ratio Q/P increases linearly with the displacement amplitude, reaching a maximum value

at the transition between partial slip and gross sliding, followed by a quick decrease and then

stabilization. The maximum magnitude of the ratio Q/P was considered the static friction co-

efficient. The results were almost identical regardless of the normal contact force applied in the

tests.

2.5 Numerical modeling

2.5.1 Modeling of the conductor

The finite element simulation of a conductor-clamp assembly is a complex task. The con-

ductor geometry involves helically stranded wires organized in layers, which produces multiple
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contact regions where local plasticity, fretting and wear may take place. For these reasons, the

analyzes of the fatigue behavior of overhead conductors have traditionally been limited to field

investigations, laboratory fatigue tests and analytical models for many years. It was only in the

last decade that technological advances allowed researchers to develop complex finite element

(FE) three-dimensional models of overhead conductors (Frigerio et al., 2016; Baumann and No-

vak, 2017; Lalonde et al., 2017a, 2017b, 2018; Al Aqil and Kopsidas, 2020; Said et al., 2020a;

Omrani et al., 2021). The development of these FE models of the conductor was inspired by

previous models of steel wire ropes, usually focused on cables used in bridges and prestressed

structures (Nawrocki and Labrosse, 2000; Ghoreishi et al., 2007; Judge et al., 2012).

A crucial aspect in finite element simulations is the choice of the type of element that

defines the model’s mesh. In the studies evaluated in this section, two types of element were

identified: solid and beam. The solid elements (Fig. 2.18a) have a comparatively high compu-

tational cost and may require some simplifications in the simulations in terms of the length of

the model or the complexity of the load conditions applied. Despite that, this element is still the

preferred choice for some studies as it can lead to a more accurate representation of the contact

interactions between the conductor’s wires. The beam elements (Fig. 2.18b) have a considera-

bly lower computational cost, which allows the modeling of a longer portion of the conductor,

while still obtaining estimates of bending displacements, stresses and strains in good agreement

with experimental data.

Figure 2.18: Finite element models of overhead conductors using (a) solid and (b) beam ele-
ments (Frigerio et al., 2016; Lalonde et al., 2017a).

Regarding the components being modeled, two different approaches have been used. Ini-

tially, studies were limited to modeling only a portion of the conductor at the exit of the clamp
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mouth (Fig. 2.19a). However, some more recent studies (Lalonde et al., 2018; Omrani et al.,

2021) have implemented models containing both the conductor and the suspension clamp. With

these models, researchers are able to investigate the effect of suspension clamp geometry and

clamping pressure on the conductor, as well as evaluate potential crack initiation sites that may

result from the contact between outer layer wires with the suspension clamp.

b

a

Figure 2.19: Finite element models of (a) the conductor at the clamp exit and (b) the conductor-
clamp assembly (Lalonde et al., 2017b, 2018).

Table 2.4 summarizes the main parameters used in the finite element simulations of

overhead conductors, as well as the data obtained from the simulations. As it can be seen

from the table, the studies have been focused on estimating the contact conditions to identify

critical regions for crack initiation and the bending displacements, stresses and strains, which

are usually compared to experimental data to validate the model. It is worth noticing that al-

most all studies were carried out considering ACSR conductors with circular wires. Analyzes
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involving other types of conductors and wire shapes are still unusual and could be the subject

of future research. Regarding the models that involve the conductor-clamp assembly, it is worth

noticing that the simulations were carried out in order to represent conventional metallic suspen-

sion clamps. Additional studies could be performed to consider elastomeric suspension clamps,

for example, and other types of clamp devices. The effect of clamp geometry on the fatigue

behavior of the conductor is also a topic that could be explored from this type of simulation.

Table 2.4: Summary of the main characteristics and obtained data for the finite element models
of overhead conductors

Conductor type
Finite element

geometry
Element type Obtained data Reference

ACSR Bersfort Conductor-clamp Beam
Contact forces

Bulk forces
Omrani et al., 2021

ACSR (unspecified) Conductor-clamp
Solid element (conductor)

Shell element (clamp)
Contact forces

Bulk forces
Said et al., 2020a

ACSR Raven
ACSR Bersfort
ACSR Flicker (round)
and trapezoidal wires)

Conductor Solid element
Bending displacements

Bending stresses
Al Aqil and

Kopsidas, 2020

ACSR Bersfort
ACSR Drake

Conductor-clamp
Beam element (conductor)

Rigid surface element (clamp)
Static and cyclic strains

Bending stresses
Lalonde et al., 2018

ACSR Cardinal Conductor Beam element Bending displacements Lalonde et al., 2017a

ACSR 1/0
ACSR Drake
ACSR Crow
ACSR Bersfort

Conductor Beam element
Bending displacements

Bending stresses
fymax parameter

Lalonde et al., 2017b

ACSR Drake Conductor Beam element
Contact forces

Bulk forces
Bending displacements

Baumann and Novak, 2017

AAAC Aldrey Conductor Solid element
Axial strain

Axial stiffness
Frigerio et al., 2016

2.5.2 Modeling of the wire-wire contact

As discussed in Section 2.4.3, recent studies have been focused on the development of a

global-local approach for life prediction of conductor-clamp assemblies. One of the key steps in

this approach is the contact analysis of potential crack initiation sites, in which a finite element

(FE) model of the wire-wire or wire-clamp contact is used to estimate the stress or strain field

beneath the contact. So far, most researchers have been concerned with the development of FE
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models of the wire-wire contact, as will be detailed in this section.

Fig. 2.20 shows an example of a FE model used to describe the wire-wire contact. As it

can be seen from the figure, the wires are modeled as half-cylinders, placed in contact at a cer-

tain crossing angle. This strategy is used to reduce the computational cost of the FE simulations

and was adopted in all studies investigated in this work. These FE models are also characteri-

zed by the use of very refined meshes in the contact regions to properly describe the stress or

strain field beneath the contact zone. For the FE model shown in the figure, the strategy used to

obtain this refinement was to create refined partitions in the region where the contact marks are

expected to be developed.

Figure 2.20: Finite element model of two fretting wires (Rocha et al., 2019).

The main characteristics and results obtained by the FE simulations of the wire-wire con-

tact are summarized in Table 2.5. Most of the studies that use this type of simulation are focused

on estimating fatigue lives or endurance limits, which is often achieved by combining a fatigue

parameter with the Theory of Critical Distances (TCD). Such a combination has also been used

to estimate other parameters related to the fatigue failure of the fretting wires. For example,
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Rocha et al. (2019) used the Smith–Watson–Topper (SWT) fatigue parameter to estimate the

crack initiation site in a wire under fretting fatigue. They observed that the maximum damage

estimated by the fatigue parameter would occur at one of the edges of the major axis of the

elliptical contact mark, which corresponds to the crack initiation site observed experimentally.

Similar results were obtained by Said et al. (2020a, 2020b) using the Crossland fatigue para-

meter. Matos et al. (2020) used the SWT parameter to estimate the critical plane orientation,

i.e., early crack orientation of a wire under fretting, obtaining a reasonable agreement with the

critical planes observed on wires used in fretting fatigue tests.

Table 2.5: Summary of the aspects of the wire-wire finite element simulations.

Wire

material
Predicted parameters Fatigue model

Use of a critical

distance approach
Material model Reference

AA1350-H19
Fatigue life

Crack initiation site
Smith–Watson–Topper Yes (volume method) Linear elastic Rocha et al., 2019

AA6201-T81 Fatigue life Smith–Watson–Topper Yes (volume method) Elastic-plastic Araújo et al., 2020

AA6201-T81
Fatigue life

Early crack orientation
Smith–Watson–Topper Yes (volume method) Elastic-plastic Matos et al., 2020

AA1350-H19 Fatigue life

Goodman

Gerber

Morrow

Smith–Watson–Topper

Walker

No Linear elastic Pereira et al., 2020

Quasi pure

aluminum

Endurance limit

Crack initiation site
Crossland Yes (point method) Linear elastic Said et al., 2020a

Quasi pure

aluminum

Endurance limit

Crack initiation site

Stress Intensity Factor

Crossland Yes (point method) Linear elastic Said et al., 2020b
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3 Fretting fatigue performance and life
prediction of 1120 aluminum alloy wires
of overhead conductors

This chapter is a reproduction of the following publication:

Matos IM, Araújo JA, Castro FC. Fretting fatigue performance and life prediction of

1120 aluminum alloy wires of overhead conductors. Theoretical and Applied Fracture

Mechanics 2022;121:103521.

3.1 Introduction

The main component of a transmission line responsible for transporting electric energy

over long distances is the overhead conductor. In the first transmission lines developed at the

end of the nineteenth century, conductors were designed with copper wires. Over the years, the

materials used to manufacture the conductor’s wires have been gradually replaced by alumi-

num and aluminum alloys (AA), which are widely used nowadays. Among these alloys is the

AA1120, a material originally designed in Sweden to be used in overhead conductors. The first

major transmission lines to use this material were installed in Sweden in 1977 and in Australia

in 1984. Since then, the use of AA1120 has steadily increased in these countries due to its

combination of high mechanical and creep resistance and electrical conductivity compared to

other aluminum alloys (Barber and Callaghan, 1995). In Brazil, overhead conductors have tra-

ditionally been designed using AA1350 and AA6201 wires. However, this scenario has started

to change over the last decade with the development of several transmission lines with AA1120

wires, which are in operation nowadays (Hoffman et al., 2015).

One issue that can lead to the interruption of the safe operation of a transmission line is

fretting fatigue. Fretting is a surface damage caused by minute relative displacements between

51



surfaces in contact. In overhead conductors, fretting is usually critical in regions that restrain

the movement of the conductor, such as at suspension clamps. In these regions, cracks can

initiate at points located within the contact surfaces between wires or between a wire and a

clamp. Due to the cyclic bending stresses caused by the aeolian vibrations, these cracks can

propagate and eventually lead to wire rupture. This correlation between fretting and fatigue

failure of conductor’s wires has been supported by many investigations performed both in field

and in laboratory (Fricke and Rawlins, 1968; Azevedo and Cescon, 2002; Ouaki et al., 2003;

Azevedo et al., 2009; Kalombo et al., 2016).

The safe design, operation and maintenance of overhead conductors against fretting fati-

gue has traditionally been performed using stress-life (S-N ) test data. The tests used to obtain

the fatigue data are typically produced in resonant test benches, where the conductor is sup-

ported by a suspension clamp and is subjected to a constant vibration amplitude, measured at

89 mm from the last point of contact between the conductor and the clamp. This approach

has been employed for more than 50 years and is still the most commonly used engineering

approach for identifying fatigue critical regions and defining endurance limits or the remaining

lifetime of conductors in operation. In addition to the traditional S-N methodology, the in-

crease of computational power has enabled the simulation of three-dimensional finite element

models of conductors. These models have been used to estimate the static and cyclic stresses

and strains acting on the conductor’s wires in good agreement with experimental data (Frigerio

et al., 2016; Baumann and Novak, 2017; Lalonde et al., 2018). Moreover, recent studies have

tried to estimate the fatigue damage of conductors by means of fatigue test data of wires com-

bined with finite element simulations of the wire/wire and wire/clamp contact configurations

(Rocha et al., 2019; Garcia et al., 2020; Matos et al., 2020; Said et al., 2020a, 2020b; Vieira,

2020; Omrani et al., 2021, 2022). This type of analysis can lead to an understanding at the local

scale of the fretting process and the factors that influence wire rupture.

Most of the studies on the fatigue behavior of conductors and their wires have been done

using ACSR (Aluminum Conductor Steel Reinforced) conductors, which are usually made of

AA1350 wires. Studies (Barber and Callaghan, 1995) have shown that the AA1120 has ad-

vantages compared to other aluminum alloys with respect to its electrical conductivity, tensile
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strength and creep resistance. However, little has been done to characterize its fatigue strength.

Kalombo et al. (2019) performed fatigue tests on conductors made of AA1120 and AA1350

wires. It was observed that under the same stretching forces and bending stress amplitudes, the

conductors made of AA1120 wires had longer fatigue lives than the ones with AA1350 wires.

Vieira (2020) performed axial fatigue tests on AA1120 and AA6201 wires without contact and

under fretting fatigue. The researcher observed that the fretting process caused a reduction of

fatigue strength for both materials, but it was more severe for the AA6201 wires. He also noted

that the AA6201 wires were significantly more resistant than the AA1120 wires under axial

fatigue without contact, but both materials displayed similar strength under fretting fatigue.

To predict fatigue life under fretting conditions, conventional methods based on multiaxial

fatigue criteria combined with the Theory of Critical Distances, and other methods based on

Continuum Damage Mechanics (CDM), have been considered. The CDM approaches (Bhatti

et al., 2018; Sandoval et al., 2020; Shen et al., 2021) typically use a scalar variable to represent

the amount of fatigue damage and, due to its incremental formulation, has the advantage of

not requiring a cycle counting method. It is noted that the studies on fretting fatigue of wires

of overhead conductors have been mostly performed using nonlocal multiaxial fatigue criteria

(Rocha et al., 2019; Matos et al., 2020; Said et al., 2020a, 2020b). This approach can provide

not only the fatigue lives but also the early crack orientation.

In this work, fretting fatigue tests on a wire/wire contact configuration are performed

using AA1120 wires. The fretting fatigue test data are used to evaluate a nonlocal life predic-

tion criterion based on the Theory of Critical Distances. This criterion was previously applied

to fretting fatigue data of AA1350 and AA6201 wires and provided good life estimates, which

motivates its further evaluation considering AA1120 wires. In addition, a tension test and axial

fatigue tests are performed on AA1120 wires. The data from these tests and from the fretting fa-

tigue tests are compared to test data of AA1350 and AA6201 wires to identify potential benefits

of using AA1120 wires in transmission lines.
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3.2 Experimental work

Aluminum alloy (AA) 1120 wires taken from an AAAC (All Aluminum Alloy Conductor)

823 MCM conductor (Fig. 3.1) were investigated in this study. The AA1120 is a commercially

pure aluminum alloy with a chemical composition in weight percentage of 99% Al, 0.40% Fe,

0.20% Mg, 0.20% Cu, and 0.10% Si (Aluminum Association, 2015). Due to its purity, the

AA1120 has an electrical conductivity of 59% of that of copper, which is comparable to that

of other aluminum alloys commonly used in overhead conductors. For reference, the AA1350

and AA6201 have electrical conductivities of 61% and 53% of that of copper, respectively. The

AA1120 also has a high mechanical strength and laboratory tests have indicated that it has a

better creep resistance than other aluminum alloy wires (Barber and Callaghan, 1995).

Figure 3.1: (a) AAAC 823 MCM conductor, (b) smooth wire specimen and (c) circumferentially
V-notched wire specimen.

A tension test was conducted on a 3.79 mm diameter wire until the complete fracture of

the specimen. From the stress-strain curve of the material (Fig. 3.2), the following mechanical

properties were obtained: Young´s modulus of 71 GPa, 0.2% offset yield stress of 245 MPa,

and ultimate tensile strength of 249 MPa. It should be noted that the ultimate tensile strength

is within the range of 230–260 MPa found in the literature (Australian Standard, 1989; Barber

and Callaghan, 1995) and informed by the conductor’s manufacturer. For reference, the ulti-
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mate tensile strengths of the AA1350 and AA6201 are 185 MPa and 311 MPa, respectively

(Australian Standard, 1989; Matos et al., 2020).
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Figure 3.2: Monotonic stress-strain curve of the AA1120 wire.

Smooth and circumferentially V-notched specimens were machined from AA1120 wires

with diameter of 3.79 mm. The smooth specimens (Fig. 3.1b) have a minimum diameter of

2 mm while the V-notched specimens (Fig. 3.1c) have a minimum diameter of 2.1 mm, an

opening angle of 60º and a notch root radius of 0.17 mm. The tests were performed under fully

reversed axial loading. Failure was defined as the complete rupture of the specimen and the run-

out condition was defined to be at least 5× 106 cycles. The fatigue test data are summarized in

Tables 3.1 and 3.2, where ∆F/2 is the force amplitude, ∆S/2 is the nominal stress amplitude

calculated using the minimum cross-sectional area, and Nf is the number of cycles to failure.

The S-N data points are plotted in Fig. 3.3, where run-out tests are indicated by horizontal

arrows.
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Table 3.1: Fatigue test data of the plain wire specimens.

Test ID ∆F/2 (N) ∆S/2 (MPa) Nf (cycle)
P04 404 120 90,518
P06 365 115 212,142
P11 350 112 121,604
P13 338 107 236,447
P12 343 107 403,541
P07 323 105 259,158
P14 338 105 332,035
P15 320 102 714,951
P18 296 100 925,624

Table 3.2: Fatigue test data of the V-notched wire specimens.

Test ID ∆F/2 (N) ∆S/2 (MPa) Nf (cycle)
V01 249 72 146,954
V17 236 68 518,460
V16 225 65 674,849
V02 208 60 552,246
V14 204 59 1,444,887
V13 201 58 1,615,094
V06 197 57 1,107,254
V09 194 56 1,313,401
V19 190 55 >10,339,630
V08 187 54 >5,122,455
V07 187 54 >5,763,385
V18 187 54 >10,758,388
V12 184 53 >5,087,613
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Figure 3.3: Stress-life test data for the (a) smooth and (b) V-notched wire specimens.

Fretting fatigue tests on a wire/wire contact configuration were performed using the ap-

paratus shown in Fig. 3.4a. A cyclic force, F (t), is applied to the lower end of the specimen

(vertical wire). This force is controlled by the lower hydraulic actuator and is measured by the

lower load cell. The force on the other end of the specimen, F ′(t), is measured by the interme-

diate load cell and the tangential force, Q(t), can be determined as Q(t) = F ′(t) − F (t). The

contact system used to press the wires against each other is represented in Fig. 3.4b. The com-

pressive force, P , is applied by a pair of pneumatic actuators, which operate simultaneously to

push movable blocks over tracks. One block contains a support with the pad (tilted wire) while

the other contains a similar support with a bearing. Note that the bearing is free to roll on the

wire specimen during the fretting fatigue tests, which reduces the friction between specimen
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and bearing. This favors crack initiation at the specimen-pad contact but not at the specimen-

bearing contact, allowing the fatigue damage analysis to be focused on the former. The upper

hydraulic actuator can be used to impose a cyclic force or displacement to the contact system

and, consequently, to the pad and bearing. This cyclic force is measured by the upper load cell

and can be used to control the tangential force as it indirectly affects the force F ′(t). Additional

details about the apparatus can be found in (Garcia et al., 2020).

1 - Upper hydraulic actuator

2 - Upper load cell

3 - Intermediate load cell

4 - Lower load cell

5 - Lower hydraulic actuator

6 - Pneumatic actuators

7 - Movable blocks

a) 1

8 - Pad (tilted wire)

9 - Specimen (vertical wire)

10 - Bearing

b)

c) d)

2

3

4
5

6 6

7 7

10

8 9

Fixed

Time

L
o

a
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Figure 3.4: Experimental setup for fretting fatigue testing of wires: (a) overall view, (b) system
for pressing the wires against each other, (c) detail of the wire/wire contact region, and (d)
loading history of the tests.

In the beginning of each test, the support containing the pad is placed at one of the mo-

vable blocks. This support contains a pin which is fit into one of the holes of the block. The

system of pin and holes is used to position the pad at a certain crossing angle with respect to

the specimen, in order to replicate the angle between wires of adjacent layers of the conductor.

After positioning the pad, both ends of the specimen are fixed to the testing machine´s grips
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and the loads can be applied as represented schematically in Figs. 3.4c and d. Initially, a remote

mean force, Fm, is imposed by the lower hydraulic actuator to stretch the specimen. Then, the

pad and the bearing are pressed against the specimen with a compressive force, P , imposed by

the pneumatic system. The remote force is then cycled at a constant amplitude, ∆S/2. In all

tests performed in this work, the displacement of the contact system and consequently of the

pad and bearing was kept fixed, following the same test procedures used in previous work (Ro-

cha et al., 2019; Garcia et al., 2020; Matos et al., 2020). Although no force is imposed by the

upper hydraulic actuator, a cyclic tangential force, Q(t), is produced as a reaction to the remote

force applied to the specimen. This tangential force is in phase with the remote force and has a

load ratio of about -1.

An important step for carrying out the fretting tests is the planning of the load and contact

conditions. More specifically, this planning consists in defining the following four parameters:

crossing angle between the wires, stress amplitudes, bulk stress ratio, and normal compressive

force. The first two parameters were defined based on the experimental study described in (Ka-

lombo et al., 2019). The researchers performed fatigue tests on an AAAC 823 MCM conductor

supported by a suspension clamp using a 47 m resonant test bench. It was observed that in the

critical region to fatigue failure, cracks initiated at the contact between wires of adjacent layers

and between wires of the external layer in contact with the suspension clamp. In this study,

focus has been given to the wire/wire contact interaction. Considering these results, a crossing

angle of 20º was chosen for the fretting fatigue tests, as this was the angle measured between

wires of the two outermost layers of the AAAC 823 MCM conductor. Stress amplitudes of 27

to 32 MPa were considered, which are similar to the ones used in the fatigue tests performed in

(Kalombo et al., 2019).

A bulk stress ratio of 0.7 was chosen for the fretting fatigue tests. The choice for a

high load ratio is motivated by the fact that, in a transmission line, the overhead conductor

is subjected to a high mean stress caused by the stretching force, and to low bending stress

amplitudes due to the aeolian vibrations. This condition can be exemplified by taking the data

from the 230 kV transmission line described in (Kalombo et al., 2016). Assuming that the mean

stress caused by the stretching force is evenly distributed between the conductor’s wires and
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that the measured bending displacement amplitudes can be associated with stress amplitudes

using the well-known Poffenberger-Swart equation (Poffenberger and Swart, 1965), one can

obtain a rough estimate that the conductor’s outer layer wires operate at a load ratio of about

0.8 during most of the loading cycles. This characteristic has also been adopted in previous

investigations (Matos et al., 2020; Said et al., 2020a), where fretting fatigue tests on wire/wire

contact configurations were performed using high load ratios (0.5 to 0.8).

Regarding the normal compressive force, a magnitude of 500 N was chosen for all tests.

This force magnitude has been used in several tests on wire/wire and wire/clamp contact con-

figurations (Rocha et al., 2019; Garcia et al., 2020, Matos et al., 2020; Vieira, 2020; Omrani

et al., 2021). It is noted that despite the different materials and bulk stresses used in these

tests, the contact marks displayed characteristics of partial slip fretting regime, which is usually

considered the most critical condition to the fatigue failure of the conductor.

The data of the wires subjected to fretting fatigue tests are listed in Table 3.3, where P is

the compressive force, ∆F/2 and ∆S/2 are the force and stress amplitudes, while Fm and Sm

are the mean force and stress, and Nf is the number of cycles to failure. As in the axial fatigue

tests, failure was defined as the complete rupture of the wires and the run-out condition was set

to at least 5× 106 cycles. The S-N test data are plotted in Fig. 3.5.

Table 3.3: Fretting fatigue test data.

Test ID P (N) ∆F/2 (N) ∆S/2 (MPa) Fm (N) Sm (MPa) Nf (cycle)
F11 500 362 32 2049 181 1,003,951
F08 500 355 32 2010 181 1,154,226
F01 500 355 31 2013 176 1,873,660
F09 500 328 29 1857 164 2,039,350
F10 500 331 29 1874 164 2,169,404
F02 500 311 28 1762 159 1,920,281
F04 500 305 27 1726 153 >5,103,301
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Figure 3.5: S-N data for fretting fatigue tests.

In this work, all fretting fatigue tests were conducted at room temperature. However,

during the operation of a transmission line, the conductor’s temperature can increase due to solar

and Joule heating, the latter being caused by the electric current flowing through the conductor.

For instance, Kanálik et al. (2019) measured the temperature of an ACSR conductor used in

a 400 kV transmission line in Slovakia during a period of three days and observed that the

conductor’s temperature was up to 30% higher than the ambient temperature. This temperature

increase could lead to a reduction of the fatigue resistance of the conductor, as observed by

Costa et al. (2020). The researchers developed a controlled heating system for conductor/clamp

assemblies and performed fatigue tests on an AAC Orchid conductor at room temperature and

at 75 °C. It was observed that for the same test conditions, the fatigue lives were about 20%

shorter in the tests performed at 75 °C. Thus, fretting fatigue tests at higher temperatures could

be an interesting topic for future work to evaluate the influence of temperature on the fretting

fatigue strength of the conductor’s wires.

3.3 Nonlocal fatigue criterion

The introduction of a length scale parameter in continuum damage models is required

whenever stress gradient effects become relevant. In fatigue analysis, it is well known that

the application of a damage model at the hot spot point of a region under high stress gradient
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will result in an inaccurate life estimation. Because of that, various approaches have been

developed over the last decades to incorporate the stress gradient effect into fatigue damage

analysis. Although the level of rigor of the analytical methods ranges from thermodynamically

consistent approaches (Frémond and Nedjar, 1996) to engineering methods such as the Theory

of Critical Distances (TCD), all of them involve some length scale, either explicit or implicit.

In this study, the TCD is adopted for being relatively easy to use and generally capable

of providing sufficiently accurate results. It started in the 1950s with the pioneering works of

Neuber and Peterson (Neuber, 1958; Peterson, 1959) on notches. Then, after its reformulation

by Taylor in 1999 (Taylor, 1999), it has steadily been improved and extended. The TCD is an

engineering methodology based on the use of a nonlocal stress instead of the stress at the hot

spot point. The nonlocal stress is obtained by some averaging procedure of the stresses of a

damage zone, whose size is the so-called critical distance. The attractive features of the TCD

are:

(i) The critical distance can be determined from fatigue test data obtained by conducting

simple tests on standard specimens.

(ii) It can be easily incorporated as a post-processing procedure of a finite element-based

stress analysis.

(iii) It can handle three-dimensional problems involving complex multiaxial loading conditi-

ons.

The initial development of the TCD was driven by fatigue problems in notched compo-

nents. In this context, many studies have been carried out involving different types of notch

geometries and loading histories. The results obtained have generally indicated that the TCD

can provide life estimates with sufficient accuracy for engineering calculations. Later, the TCD

was also successfully applied to mechanical assemblies subject to fretting conditions (Araújo

et al., 2007, 2020). These studies exploited the fact that contacting surfaces and notches have

similar features (e.g., stress concentration, stress gradients, multiaxial stresses) and, therefore,

they tried to apply methods originally developed for notches in fretting fatigue problems. Re-

cent studies (Araújo et al., 2020; Pinto et al., 2022) have also shown that it is possible to apply
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the TCD in situations where the surface profile is modified due to material loss.

The use of the TCD to estimate the durability of wires of an overhead conductor has

recently been investigated. In 2019, Rocha et al. (2019) proposed a nonlocal fatigue criterion

in which the stress tensor is defined by averaging the stress distribution over a damage region.

It was shown that the characteristic size of the damage zone can be estimated by fitting test

data of wires with small notches. By using this methodology, the lives of fretting fatigue tests

on AA1350 wires were successfully predicted. Moreover, this approach was also applied to

wires made of AA6201-T81, which is a widely used alloy in AAAC (All Aluminum Alloy

Conductor) conductors (Matos et al., 2020). For this material, reasonable fatigue lives were

also obtained when the input stress data were obtained using an elastic-plastic contact model.

Said et al. (2020a, 2020b) have also successfully predicted the fatigue limits of fretting wires

using a similar nonlocal fatigue criterion in which the stress tensor from a material point beneath

the contact is evaluated.

In what follows, the nonlocal fatigue criterion that will be evaluated later is summarized.

The details of the criterion can be found elsewhere (Rocha et al., 2019; Matos et al., 2020). Its

starting point is the calculation of an average stress tensor, σ, associated with a fatigue damage

zone. In the volume method of the TCD, the average stress tensor can be expressed as:

σ =
1

V

∫
V

σ̂dV (3.1)

where σ̂ is the stress tensor of a material point inside the damage zone. The shape of this zone

was chosen as a hemisphere with volume V , with the center of its flat side positioned at the hot

spot. The critical distance, L, corresponds to the radius of the damage zone.

The multiaxial fatigue criterion of Smith, Watson and Topper (SWT) with a critical plane

interpretation is used to evaluate the fatigue damage beneath the contact zone. A stress-based

version of the SWT parameter can be expressed as

SWT =
√

σna⟨σnmax⟩ = AN b
f (3.2)
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where σna and σnmax are the amplitude and maximum value of the normal stress in a loading

cycle, and A and b are fitting constants than can be obtained from smooth wire test data. The

Macaulay brackets ⟨⟩ are used to ensure that no damage is produced if σnmax is compressive.

The definition of the critical distance, L, is a crucial aspect for fatigue criteria based on

the TCD. As shown by Susmel and Taylor (2007), the TCD can be used to obtain life estimates

for medium-cycle fatigue regime by considering that the critical distance is a function of fatigue

life. In particular, the following relationship between L and Nf was proposed based on test data

of notched specimens:

L = CNdL
f (3.3)

where C and dL are fitting constants. The procedure to determine the constants of the L-Nf

relation can be summarized as follows. Initially, the axial fatigue test data from plain wire

specimens is fitted by a power law function to obtain the constants of the SWT-Nf relation.

Then, a datum point is chosen from the notched wire specimen test data, providing a pair of

stress amplitude, ∆S/2, and observed fatigue life, Nobs. Following that, an estimate is made for

the radius of the damage zone, Ltrial. A stress analysis of the notched wire is performed and the

average stress tensor in the damage zone of radius Ltrial is evaluated. The SWT parameter can

then be estimated and applied in the SWT-Nf relation to obtain a fatigue life estimate, Nest. If

the condition Nest = Nobs is reached, the estimated radius can be considered the critical distance

and one datum point (L,Nobs) is obtained. Otherwise, the procedure must be repeated with a

new radius estimate, Ltrial. After repeating this procedure for all notched wire test data, the

(L,Nobs) data points can be fitted by a power law function to determine the constants of the

L-Nf relation.

The implementation of the nonlocal fatigue criterion for life prediction relies on perfor-

ming a stress analysis of the wire/wire contact problem. Fig. 3.6a shows the finite element

(FE) model and the boundary conditions used to perform this stress analysis, where u is the

linear displacement. The FE simulations were performed using a linear elastic and an elastic

perfectly-plastic material models. The load sequence was defined as follows: initially, a mean
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bulk force, Fm, is applied to the specimen, then the compressive force, P , is applied to the pad

to press one wire against the other and finally the bulk force is cycled at an amplitude ∆F/2.

The mesh and element types used in the model are shown in Fig. 3.6b. In order to describe the

stress field beneath the contact, partitions with refined meshes were defined in both wires. The

bottom and lateral surfaces of these partitions are connected to the bulk of the wires by a tie

constraint option, which ensures that there is no relative displacement between the connected

surfaces. A surface-to-surface contact approach and a finite-sliding formulation are used to de-

fine the contact interaction. The penalty formulation was used for modelling the contact pair.

A friction coefficient of 0.6 was chosen, which is within the range of 0.5–0.9 typically used to

describe the contact interaction between aluminum wires in finite element-based analyzes of the

conductor/clamp assembly (Baumann and Novak, 2017; Lalonde et al., 2018).
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Figure 3.6: Finite element model of the wire/wire contact interaction: (a) mesh and (b) applied
loads and boundary conditions.

Fig. 3.6c illustrates the procedure used to estimate the fretting fatigue life of a wire. The

hot spot was considered to be located at the lower extremity of the major axis of the elliptically

shaped contact mark. This position was chosen because it is physically consistent with the

crack initiation site observed in the wire specimens used in the fretting fatigue tests performed

65



in this work and in previous studies (Rocha et al., 2019; Matos et al., 2020; Vieira, 2020). The

procedure starts by defining the bulk and contact forces acting on the fretting wire. Then, an

estimate is made for the radius of the damage zone, Ltrial, and a stress analysis of the wire/wire

contact interaction is performed. The average stress tensor over the damage zone outputted from

this analysis is used to determine the SWT parameter and obtain a fatigue life estimate, Nest.

Then, the radius Ltrial is applied in the L-Nf relation to obtain a second life estimate, NL. The

estimated lives Nest and NL are then compared. If they are different, a new estimate is made for

the radius of the damage zone and the procedure is repeated. Otherwise, Nest can be considered

the life estimate for the wire under fretting fatigue.

3.4 Results and discussion

3.4.1 Fractographic observation of fracture surfaces

This section describes the fractographic observations that were performed on the broken

V-notched and fretting wire specimens to evaluate their crack initiation and propagation beha-

viors. All analyses were performed using a Scanning Electron Microscope. It should be noted

that the fracture surfaces of the V-notched and fretting wire specimens did not vary significantly

among the specimens. Therefore, for the sake of brevity, only one fracture surface of each type

of specimen will be displayed in this section.

Fig. 3.7 shows the fracture surface of the V-notched wire specimen V17 (refer to Table

3.2). Failure occurred at the minimum cross-sectional area where two distinct regions were for-

med. Details about the microscopic features observed in each region are shown in Fig. 3.8. In

Region I, striation marks were found, which characterize the occurrence of crack propagation

due to the fatigue loading. Region II is characterized by the formation of a collection of mi-

crovoids known as dimples, which indicates that final ductile fracture took place in this region.

Therefore, the microscopic features suggest that cracks initiated within Region I and propaga-

ted due to the fatigue loading towards Region II, where the final fracture occurred. It should

be noted that the size of Region II varied slightly among the specimens, but in all of them, it is
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considerably smaller than Region I.

Minimum
cross-section

Maximum
cross-section

I

II

Figure 3.7: Fracture surface of the V-notched wire specimen V17 (refer to Table 3.2).

Dimples

Striation marks

Striation marks

Figure 3.8: Microscopic features observed on the fracture surface of the V-notched wire speci-
men V17 (refer to Table 3.2).

The contact mark and fracture surface of the fretting wire specimen F09 (refer to Table

3.3) are shown in Fig. 3.9. The elliptically-shaped contact mark displays typical characteristics
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of partial slip fretting regime, with a stick zone at its center and a micro slip zone at its edge.

The dark color of the micro slip zone is due to the formation of aluminum oxide debris (Ouaki

et al., 2003; Azevedo et al., 2009). As with the V-notched specimens, two different regions can

be observed in the fracture surface. Region I is formed around the edge of the contact mark

while Region II is developed at the rest of the surface. Details about each region are shown in

Fig. 10. Striation marks were found in Region I near the contact mark, while dimples were

detected in Region II. These microscopic features indicate that the crack initiated from the edge

of the contact mark in the micro slip zone, propagated due to fatigue loading in Region I, and

lead to a final ductile fracture in Region II. The presence of dimples and striation marks was

not evaluated in all specimens. However, all of them displayed a smoother region around the

extremity of the contact mark and a rougher region at the rest of the fracture surface, which

suggests that the process of crack initiation and propagation was similar for all specimens.

Crack
initiation
site

I

II

Contact
mark

Figure 3.9: Fracture surface of the fretting wire specimen F09 (refer to Table 3.3).
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Dimples

Striation marks

Figure 3.10: Microscopic features observed on the fracture surface of the fretting wire specimen
F09 (refer to Table 3.3).

3.4.2 Comparative assessment of aluminum alloy wires

The AA1120 has an ultimate tensile strength of 249 MPa, which is higher than that of

the AA1350 (185 MPa) and lower to that of the AA6201 (311 MPa). Having a higher tensile

strength means that a higher stretching force can be applied to the conductor at a transmission

line, reducing the sag of the span and facilitating the compliance with vertical clearance requi-

rements with respect to roof surfaces. Therefore, a transmission line using a conductor made of

AA1120 wires could theoretically be designed with lower transmission towers than one using a

similar conductor with AA1350 wires. However, care should be taken when using the ultimate

tensile strength of the conductor’s wires to define the maximum admissible stretching force,

since a high stretching force can reduce the self-damping capability of the conductor, making

it more susceptible to aeolian vibrations. Therefore, the choice of the wire material should take
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into account not only its tensile strength, but also its fatigue behavior, specially under fretting

conditions.

To evaluate the fatigue performance of the three types of aluminum alloys, the following

test data of smooth wires subjected to fully reversed axial loading are compared: (i) the AA1120

test data obtained in the present work, (ii) the AA1350-H19 test data reported in (Rocha et al.,

2019) using wires from an ACSR Ibis 397.5 MCM conductor, and (iii) the AA6201-T81 test

data of wires of an AAAC 900 MCM conductor (Adriano et al., 2018). The S-N data of the

three materials are shown in Fig. 3.11. It can be seen that the AA1120 has a higher fatigue

strength than the AA1350-H19. For example, for a stress amplitude of 100 MPa, the fatigue

life of the AA1120 is about five times longer than that of the AA1350-H19. However, these

materials have a considerably lower fatigue strength than the AA6201-T81.
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Figure 3.11: Stress-life test data of smooth wires made of 1120, 1350-H19 and 6201-T81 alu-
minum alloys.

The results from the axial fatigue tests can give a general idea about the fatigue strength of

the aluminum alloy wires, but should not be used as a reference for the design of transmission

lines. This is because the main cause of failure of overhead conductors is fretting fatigue and,

as discussed in (Vieira, 2020), the behavior of an aluminum alloy wire under plain fatigue

and under fretting fatigue can be considerably different. To compare the fretting behavior of

the aluminum alloy wires, test data of a wire/wire contact configuration obtained from several

studies will be used. Table 3.4 summarizes the test conditions adopted in each study, where α
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is the crossing angle between the wires, P is the normal contact load, R is the bulk stress ratio,

and Sa is the bulk stress amplitude.

Table 3.4: Fretting fatigue test data.

Material Conductor α (º) P (N) R Sa (MPa) Reference
AA1120 AAAC 823 MCM 20 500 0.7 27–32 Current work
AA1120 AAAC 823 MCM 29 250–1000 0.1 62–92 Vieira (2020)
AA1350-H19 ACSR Ibis 397.5 MCM 29 250–500 0.1 32–59 Rocha et al. (2019)
AA6201-T81 AAAC 900 MCM 20 500–750 0.8 24 Matos et al. (2020)
AA6201-T81 AAAC 1055 MCM 29 500–1000 0.1 55–92 Vieira (2020)
AA6201-T81 AAAC 900 MCM 29 250–500 0.1 53–99 Garcia et al. (2020)

The loading conditions in Table 3.4 include low and high bulk stress ratios. To

fit the data for each material by a single equation, a nominal stress-based version of the

Smith–Watson–Topper fatigue parameter SWTnom is used. This parameter can be expressed

as

SWTnom =
√

SaSmax = A′N b′

f (3.4)

where Sa and Smax are the maximum value and amplitude of the bulk stress, respectively, and

A′ and b′ are fitting constants.

The SWTnom-Nf data points for the three aluminum alloy wires are shown in Fig. 3.12.

For all materials, the use of a power law relation between the SWT parameter and fatigue

life provided an adequate fit for the fretting fatigue test data. As in the plain fatigue tests,

the AA1120 displayed a higher resistance than the AA1350-H19 under fretting fatigue. A

similar behavior was observed by Kalombo et al. (2019) for fatigue tests of an AAAC 823

MCM conductor made of AA1120 wires and an AAC orchid conductor made of AA1350 wires,

where the former exhibited higher fatigue strength. As for the AA6201-T81 wires, its resistance

under fretting fatigue is nearly identical to that of the AA1120, which is significantly different

than the behavior observed under plain fatigue (refer to Fig. 3.11). The discrepancy between

the behavior of the AA6201-T81 wires under plain fatigue and fretting fatigue highlights the

importance of performing tests on contacting wires to properly evaluate the durability of wires
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of overhead conductors.
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Figure 3.12: SWTnom-fatigue life test data for the fretting fatigue tests performed on 1120,
1350-H19 and 6201-T81 aluminum alloy wires.

The test data in Figs. 3.11 and 3.12 show that the durability of the AA1120 is considerably

lower than that of the AA6201 under plain fatigue, but similar under fretting fatigue. As an

attempt to explain this behavior, the Vickers hardness of the three aluminum alloy wires were

measured. The aim was to evaluate if the surface hardness had a more significant effect on

fretting fatigue than on plain fatigue. For instance, in the fretting fatigue tests reported by

Sarhan et al. (2013) and by Nishioka and Hirakawa (1972), the specimens with higher surface

hardness had slightly longer fatigue lives. However, it should be noted that those tests were

performed on carbon steel and aeronautic aluminum alloy specimens, which have significantly

higher surface hardness than the materials investigated in this work.

The hardness tests were performed using an indentation force of 1 kgf, which was chosen

to ensure that the diagonals of the diamond-shaped indentation marks were longer than 20 µm

and at least 1.5 times shorter than the wires’ diameters, as recommended by the ISO 6507-1

standard (2018). For each specimen, five indentations were produced and used to determine the

Vickers hardness of the wires. Results are summarized in Table 3.5, where HVi is the Vickers

hardness of the i-th test. Note that the AA6201 and the AA1120 had similar fretting fatigue

resistances, but the former has a higher surface hardness. Therefore, these results indicate that

for the materials and test conditions evaluated in this study, there is no significant influence of
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the surface hardness on fretting fatigue strength.

Table 3.5: Vickers hardness of the 1120, 1350-H19 and 6201-T81 aluminum alloy wires.

Material Conductor HV1 HV2 HV4 HV4 HV5

AA1120 AAAC 823 MCM 56 59 57 55 56
AA1350-H19 ACSR Ibis 397.5 MC 42 41 41 42 40
AA6201-T81 AAAC 900 MCM 78 80 81 87 87

To evaluate the influence of surface wear on fretting fatigue strength, an experimental pro-

cedure performed by Vieira (2020) was considered. The researcher performed fretting fatigue

tests on a wire/wire contact configuration using AA1120 and AA6201-T81 wires, with diame-

ters of 3.79 mm and 3.34 mm, respectively. The tests were conducted under a bulk stress ratio of

0.1, a bulk stress amplitude of 70 MPa, a crossing angle between wires of 29°, and compressive

forces of 750 N and 1000 N. After 200,000 cycles, the tests were stopped and the specimens

were examined using a Scanning Electron Microscope equipped with Energy Dispersive X-ray

Spectroscopy (EDS). The EDS was used to identify the number and distribution of aluminum

and oxygen particles along the contact areas.

The EDS color maps for each specimen are shown in Fig. 3.13. All contact marks dis-

played characteristics of partial slip fretting regime, with a higher concentration of aluminum

particles at the center (stick zone) and oxygen particles at the edge (micro slip zone). The latter

can be attributed to the formation of aluminum oxide debris. Based on the EDS color maps

obtained by Vieira (2020), the contact areas were measured. The results are reported in Table

3.6, where P is the compressive force, and Ac, Ast and Asl are the areas of the contact mark,

stick zone and micro slip zone, respectively. For the same compressive forces, the contact areas

were larger in the AA1120 wires. This result is expected based on the Hertz theory of elastic

contact, since the test conditions are the same but the AA1120 wire has a larger diameter than

the AA6201 wire. However, for the same compressive forces, the areas of the micro slip zones

were similar for both materials. This suggests that the process of surface wear and formation

of aluminum oxide debris may be similar for both aluminum alloys, which could explain why

they exhibit approximately the same fretting fatigue strength. It should be mentioned that this

is only a preliminary analysis, performed with few wire specimens. Additional fretting fatigue
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tests under different load conditions are still required to better evaluate the effects of surface

wear on fretting fatigue resistance.

Figure 3.13: SWTnom-fatigue life test data for the fretting fatigue tests performed on 1120,
1350-H19 and 6201-T81 aluminum alloy wires.

Table 3.6: Contact areas of the 1120 and 6201-T81 aluminum alloy wires.

Material Conductor
P

(MPa)
Ac

(mm2)
Ast

(mm2)
Asl

(mm2)
AA1120 AAAC 823 MCM 750 2.7 1.0 1.7
AA1120 AAAC 823 MCM 1000 2.4 1.4 1.0
AA6201-T81 AAAC 1055 MCM 750 1.8 0.5 1.3
AA6201-T81 AAAC 1055 MCM 1000 1.5 0.6 0.9

The results presented here suggest that the AA1120 is an appealing alternative for the

design of overhead conductors. Compared to the AA1350-H19, the AA1120 has a very similar

electrical conductivity, while being considerably more resistant to tension, plain fatigue and

fretting fatigue. This implies that conductors made of AA1120 wires, such as the AAAC 823

MCM conductor, could in theory be used to replace aging conductors made of AA1350 wires
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with no compromise to the safe operation of the transmission line. Compared to the AA6201-

T81, the AA1120 has a higher electrical conductivity, but a smaller tensile strength. While the

AA1120 exhibited a smaller fatigue strength than the AA6201-T81 under axial loading, both

materials had near identical fatigue strengths under fretting fatigue. Therefore, both materials

are expected to have a similar performance when subjected to aeolian vibrations and the choice

for one of them will depend on the specific requirements of a transmission line for better tensile

strength or electrical conductivity.

The comparison between the fretting fatigue performance of aluminum alloy wires pre-

sented in this study indicate that the AA1120 has a resistance comparable to that of other ma-

terials used in overhead conductors. However, it is important to mention that these results were

obtained considering only the wire/wire contact interaction and may not reflect the resistance

of the AA1120 wires in contact with the suspension clamp. As a matter of fact, the wire/clamp

contact can also be critical to wire rupture, depending on the type of suspension clamp used.

For instance, Miranda et al. (2022) performed fatigue tests on a resonant test bench using an

AAAC 823 MCM conductor supported by metallic and elastomeric suspension clamps. In the

tests with the metallic clamp, it was observed that about 80% of the wire ruptures occurred at

outer layer wires in contact with the clamp, while the opposite happened in the tests with the

elastomeric clamp, where about 80% of the failures occurred at the contact between wires of

the two outermost layers. Therefore, additional fretting fatigue tests on a wire/clamp contact

interaction are still desirable to better evaluate the AA1120 wires.

3.4.3 Evaluation of the life prediction methodology

The application of the nonlocal life prediction methodology requires, as a first step, the

determination of the constants of the SWT-Nf and L-Nf relationships given by Eqs. (3.2) and

(3.3), respectively. The constants of the SWT equation were obtained by fitting smooth wire

test data. Since the tests were performed under fully reversed loading, the SWT parameter is

equal to the stress amplitude, ∆S/2, used in the tests. Therefore, the constants can be directly

determined from the power law fit shown in Fig. 3.3a, resulting in SWT = 319N−0.09
f . The

75



constants of the L-Nf relationship were calibrated using the V-notched wire test data, following

the procedure described in Section 3.3. This resulted in the L-Nf data points shown in Fig. 3.14.

Note that the estimated critical distances ranged from 102–134 µm. This small variation moti-

vated the use of two different approaches to estimate the lives of the wires used in the fretting

fatigue tests: (i) using a constant critical distance L = 115 µm, which is the mean value of the

critical distances obtained, and (ii) considering the power law equation L = 65303N−0.47
f .
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Figure 3.14: Critical distance vs. fatigue life for the V-notched wires.

After the calibration of the fatigue criterion using test data from smooth and V-notched

wires, the lives of the fretting fatigue tests were predicted following the procedure represented

in Fig. 3.6. For a better evaluation, the fretting fatigue data reported in (Vieira, 2020) for a bulk

stress ratio of 0.1 and normal contact load of 500 N were included in the analysis. Fig. 3.15

shows a comparison between the predicted and observed fatigue lives. The life estimates in

Fig. 3.15a were obtained using a constant critical distance L = 115 µm, while in Fig. 3.15b

the power law relation L = 65303N−0.24
f was considered. In both approaches, the linear elastic

model was not adequate to describe the stress response of the material, resulting in excessi-

vely conservative life estimates. For the tests performed with a bulk stress ratio of 0.1, the

life estimates are not shown in Fig. 3.15, but were just as conservative as the ones obtained

for R = 0.7. The introduction of the plasticity effect significantly improved the life estimates,

which were mostly within factor-of-five boundaries when using the constant critical distance,

and factor-of-three boundaries when the L-Nf relationship was employed. It is clear from these
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results that the second approach had, in general, a better agreement to the test data. Additional

tests on V-notched wires with lives of 100,000 to 400,000 cycles are still required to better des-

cribe the variation of critical distance with fatigue life. However, previous studies (Rocha et al.,

2019; Matos et al., 2020) performed on AA1350-H19 and AA6201-T81 wires have shown that

the use of a power law relation between critical distance and fatigue life provides an adequate

description of the test data, and thus, the same is expected for the AA1120 wires. It is worth

mentioning that for the run-out test (specimen F04 in Table 3.3), the estimated life is at least

four times shorter than the observed life. This discrepancy could be associated with the plain

fatigue test data used to calibrate the life prediction criterion. Note that the lives of the smooth

and V-notched wires (refer to Tables 3.1 and 3.2) are mostly in the range of 105 to 106 cycles.

Therefore, the estimated constants of the SWT-Nf and L-Nf relationships should only hold for

this range of fatigue lives, which might explain why the prediction was less accurate for this

specimen than for the other fretting fatigue tests. It is also noted that satisfactory life predictions

were obtained for both low and high bulk stress ratios, which indicates that the SWT parameter

was able to correctly predict the mean stress effect.
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Figure 3.15: Observed vs. estimated lives for the fretting fatigue tests on AA1120 wires consi-
dering (a) constant and (b) life-depend critical distances.

The life estimates shown in Fig. 3.15 for the AA1120 and obtained in previous studies

for the AA1350-H19 (Rocha et al., 2019) and AA6201-T81 (Matos et al., 2020) show that
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the nonlocal fatigue criterion is capable of estimating the lives of fretting wires with acceptable

accuracy for different materials and load conditions. It is worth mentioning that for the AA1120

and AA6201-T81, the use of stresses from a linear elastic contact model provided life estimates

more than ten times shorter than the observed lives, while most predictions were within a factor

of three of the observed lives for the AA1350-H19. The reason for this discrepancy is not

yet clear, but it could be related to the fretting fatigue resistance of the aluminum alloys. As

observed in Section 3.4.2, the AA1120 and AA6201 have similar resistances under fretting

fatigue and both materials are considerably more resistant than the AA1350. These results

suggest that the failure of the AA1350 wires is mostly affected by the fretting process, while

for the AA1120 and AA6201 wires, both fretting and plasticity play important roles on crack

initiation and eventual failure.

3.5 Conclusions

Fretting fatigue tests, plain fatigue tests and a tension test were conducted on AA1120

wires of an AAAC 823 MCM conductor. The test data were used to evaluate a nonlocal life

prediction criterion. Also, a comparative assessment between the fatigue performance of the

AA1120 with the traditional AA1350-H19 and AA6201-T81 was carried out. The main con-

clusions of this study are summarized as follows:

(1) The ultimate tensile strength of the AA1120 is about 30% higher than that of the AA1350

and 30% lower than that of the AA6201. In comparison with the AA1350, the fatigue

lives of the AA1120 wires were up to five times longer under axial fatigue and four times

longer under fretting fatigue. The AA1120 and AA6201 displayed approximately the

same fretting fatigue resistance.

(2) The life estimates obtained using a linear elastic contact model were excessively con-

servative, with most predictions being more than ten times shorter than the observed li-

ves. The use of an elastic-plastic contact model significantly improved the life estimates,

which were mostly within a factor of 3 of the observed lives.
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(3) Satisfactory life predictions were obtained for the fretting fatigue tests conducted under

bulk stress ratios of 0.1 and 0.7, indicating that the Smith–Watson–Topper damage para-

meter was capable of appropriately describing the mean stress effect.

(4) The life estimates obtained for the AA1120 and in previous studies for the AA1350-H19

and AA6201-T81 demonstrated the capability of the nonlocal fatigue criterion to handle

different materials and load conditions and to provide life predictions with acceptable

accuracy for engineering calculations.
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4 Life prediction of 6201-T81 aluminum
alloy wires under fretting fatigue and va-
riable amplitude loading

This chapter is a reproduction of the following publication:

Matos IM, Araújo JA, Castro FC. Life prediction of 6201-T81 aluminum alloy wi-

res under fretting fatigue and variable amplitude loading. Tribology International

2023;183:108407.

4.1 Introduction

During the operation of a transmission line, overhead conductors may undergo wind-

induced oscillations known as aeolian vibrations. Near or within devices that restrain the mo-

vement of a conductor (e.g., suspension clamps), the combined effects of aeolian vibrations,

clamping pressure, stretching load, and weight of span may lead to wire rupture due to fretting

fatigue (Azevedo and Cescon, 2002; Boniardi et al., 2007; Kalombo et al., 2015). To assess

the structural integrity of conductors against aeolian vibrations, transmission line utilities have

used vibration recorders since the 1920s (Varney, 1926; Wright and Mini Jr, 1934; Edwards and

Boyd, 1963; Hardy and Brunelle, 1991). These devices are designed to measure the vertical

displacement amplitude of the conductor (usually near a clamp device) and the vibration fre-

quencies. Vibration data recorded from transmission lines (Varney, 1926; Wright and Mini Jr,

1934; Edwards and Boyd, 1963, Cosmai et al., 2017) have shown that the conductor oscillations

have a variable amplitude nature, often following a sinusoidal amplitude modulation known as

a beat pattern.

To assess the effect of variable amplitude loading on the durability of conductors, block

loading histories were used in the fatigue tests performed in (Ramey and Silva, 1981; CIGRÉ,
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1979; Brunair et al., 1988; Murça, 2011). These tests were designed to evaluate the effects of

increasing or decreasing the loading amplitude on conductor lifetime. To evaluate the benefits

of adding damping systems to transmission lines in operation, Ramey and Silva (1981) applied

high-low sequences of bending displacement amplitude on three types of ACSR (Aluminum

Conductor Steel Reinforced) conductors. The tests were performed by initially subjecting the

conductors to a constant amplitude vibration until the rupture of about one to four wires, and

then reducing the amplitude to a second level and keeping it constant for up to 100 million

cycles. For comparison, fatigue tests with no amplitude reduction were also performed. The

researchers observed that about half of the aluminum wires broke during the tests performed un-

der constant amplitude loading. On the other hand, most tests performed using loading blocks

exhibited no wire breaks after the amplitude was reduced, suggesting that the addition of dam-

pers could extend the durability of damaged conductors. Similar fatigue tests were performed

in (CIGRÉ, 1979; Brunair et al., 1988; Murça, 2011) with low-high and high-low sequences in

order to evaluate the use of Miner’s rule for overhead conductors. Additionally, CIGRÉ (1979)

and Brunair et al. (1988) conducted tests in which the vibration amplitude was alternated pe-

riodically between two to four levels. In general, the results from these studies have indicated

that Miner’s rule can provide reasonable life estimates for design purposes.

More realistic representations of aeolian vibrations have been pursued by (Goudreau et

al., 2005; Ferreira et al., 2023) using random loading spectra. Goudreau et al. (2005) defined

the spectrum using an approximate Rayleigh distribution, which was discretized into a histo-

gram with 15 stress amplitudes applied at random. Two types of plots were used to represent

the test results: a stress-life curve and a D Rayleigh-Miner diagram. For each test, the Rayleigh

distribution used to define the loading spectrum can be characterized by a single stress ampli-

tude σaR, which corresponds to the stress amplitude where the probability density function is

maximum. The stress-life curve was then defined using the stress amplitude σaR in the y-axis

and the number of cycles to first wire break in the x-axis. In the D Rayleigh-Miner diagram,

the data were plotted using a failure probability function and the damage was calculated using

Miner’s rule. The researchers observed that the data scatter tended to decrease for higher stress

amplitudes and recommended the use of both types of plots to represent the data of tests under
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random loading spectra. Ferreira et al. (2023) performed fatigue tests on an ACSR Ibis con-

ductor using narrowband random loading conditions. Time and frequency domain approaches

were used to estimate the conductor fatigue life. The time domain approach considers the use

of the rainflow cycle counting method and Miner’s rule, while the frequency domain approach

is based on the moments of a power spectral density function that represents the loading history.

The predictions from both approaches were similar and in good agreement with the measured

lives.

Turning now to the development of computational models for fatigue life prediction of

conductor-clamp systems, progress has been made in the last years (Said et al., 2020a; Omrani

et al., 2021; Rocha et al., 2022) but research is still limited to constant amplitude loading.

These models are based on analyses performed on two scales. On a global (structural) scale,

three-dimensional finite element models of the conductor-clamp system are used to calculate the

contact and bulk forces at the contact regions of the conductor. The loading conditions obtained

from the global analysis are used as input for a fatigue damage analysis at a local (wire) scale.

Different approaches have been considered for the local scale analysis. In (Rocha et al., 2019;

Matos et al., 2020, 2022), a combination of the Theory of Critical Distances (TCD) and the

Smith–Watson–Topper parameter was used to predict the lives of fretting fatigue tests on wires.

A similar analysis was used in (Said et al., 202a) by combining the TCD and the Crossland

parameter to predict the endurance limit of the conductor. Omrani et al. (2021) performed

fretting fatigue tests on wires and associated the measured lives to the conductor lifetime. An

alternative life prediction approach was proposed by Rocha et al. (2022) by using the concept of

a master fatigue curve, which represents fretting fatigue data of wires with a single equation. In

general, these methodologies have provided good correlations between measured and predicted

lives for constant amplitude loading. In particular, the satisfactory life predictions obtained in

(Rocha et al., 2019; Matos et al., 2020, 2022) motivated us to give a further step towards the

formulation of methodologies applicable to variable amplitude loading conditions.

The goal of the present study was to extend two previously developed methodologies for

life prediction of wires to variable amplitude loading conditions: one based on a master fatigue

curve (Rocha et al., 2022) and the other on the Theory of Critical Distances (Rocha et al.,
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2019). The proposed methodologies were assessed using new fretting fatigue data of 6201-T81

aluminum alloy wires, which were tested under bulk stress histories composed of three loading

blocks.

4.2 Experimental program

Wires made of 6201-T81 aluminum alloy (AA), extracted from an AAAC (All Aluminum

Alloy Conductor) 900 MCM conductor, were used in this study. The chemical composition of

this material, in weight percentage, is 98.54 Al, 0.65 Mg, 0.58 Si, 0.21 Fe, and 0.0012 B (Adri-

ano et al., 2018). The AA6201-T81 has an electrical conductivity of 52.5% IACS (Aluminum

Association, 1989) and the following mechanical properties: Young’s modulus of 69 GPa, 0.2%

offset yield stress of 306 MPa, and ultimate tensile strength of 311 MPa (Matos et al., 2020).

During the manufacturing process, this material is solution heat treated, cold worked and then

artificially aged, causing the diffusion of Mg and Si atoms, and subsequent formation of mag-

nesium silicide (Mg2Si) precipitates. These substances restrict the movement of dislocations,

increasing the tensile strength and electrical conductivity of the material. The result is an alu-

minum alloy with slightly lower electrical conductivity but higher tensile strength than other

aluminum alloys used in overhead conductors (Davies, 1989; Alshwawreh et al., 2021).

Fretting fatigue tests on wires subjected to variable amplitude loading were performed

using the apparatus shown in Fig. 4.1a. The design and operation of the device can be found in

detail elsewhere (Garcia et al., 2020; Matos et al., 2022), but for completeness are summarized

here. The apparatus contains two hydraulic actuators. The lower one is responsible for con-

trolling the bulk force applied to the specimen (vertical wire), while the upper one controls the

tangential force or displacement applied to the pad (tilted wire). A pair of pneumatic actuators

are operated simultaneously to press the pad and the bearing against the specimen.
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Figure 4.1: (a) Fretting fatigue test apparatus, (b) applied loads, and (c) loading history.

The tests were performed using the loading program illustrated in Figs. 4.1b and 4.1c.

First, the pad was positioned at a certain crossing angle with respect to the specimen, in order

to represent the crossing angle between wires of adjacent layers of the conductor. Then, the

specimen was clamped and subjected to a mean bulk force Fm. After that, a compressive normal

force P was applied so as to press the pad and bearing against the specimen, and was kept

constant during the test. Finally, the specimen was subjected to a cyclic bulk force of variable

amplitude until its complete rupture.

The loading program consisted of a main block with Nblock cycles (see Fig. 4.1c) that was

repeated until specimen failure. Each block was composed of three sub-blocks with different

amplitudes. The bulk force amplitude ∆F/2 and number of cycles N applied in each sub-

block are identified by subscripts H , I and L, which refer to the high, intermediate and low

force amplitudes, respectively. All tests were performed by organizing these sub-blocks in a

decreasing load sequence. Other studies (Ramey and Silva, 1981; CIGRÉ, 1979; Brunair et al.,

1988; Murça, 2011) also exploited the use of loading blocks in fatigue tests of conductors in

resonant test benches. Therefore, the choice for this loading history facilitates a comparison
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between previous results on conductors with the ones of the present work on wires.

To perform the fretting fatigue tests, the following test parameters have to be defined: (i)

crossing angle between wires; (ii) mean bulk stress; (iii) compressive normal force between

wires; (iv) bulk stress amplitude of each sub-block; (v) number of loading cycles of each sub-

block. The crossing angle between wires was 20°, which was measured in previous studies

(Rocha, 2019; Matos et al., 2020) as the angle between wires of the two outermost layers of

the AAAC 900 MCM conductor. To define the test parameters (ii) and (iii), the experimental

and numerical analysis performed by Rocha (2019) was used as a basis. In his study, fatigue

tests on an AAAC 900 MCM conductor were performed using a 47 m resonant test bench.

A metallic suspension clamp was positioned close to one end of the conductor, while at the

other end, a system of dead weights was used to control the stretching force applied to the

conductor. An electrodynamic shaker was connected to the active span of the conductor and

was used to control the vibration amplitude. Before each test, strain gages were glued to wires

of the outer layer of the conductor near the suspension clamp. All tests were performed under a

stretching force of 26 kN, which corresponds to 20% of the breaking strength of the conductor.

A total of nine tests were performed, considering three different levels of bending displacement

amplitude. The failure condition was defined as the rupture of four wires.

Rocha (2019) observed that the majority of the wire breaks occurred ahead of the keeper

edge, at distances of 0.5 to 19 mm from the keeper edge, and most failures occurred on external

layer wires, at contact zones with wires of the second outermost layer. Based on these obser-

vations, the strain measurements in the fatigue critical region were used to estimate mean bulk

stresses considering a linear elastic behavior. In addition, a confocal laser microscope was used

to measure the lengths of the major and minor axes of the contact marks. Then, finite element

simulations of two wires in contact were performed to estimate the compressive forces between

wires required to reproduce the same dimensions observed experimentally. In these simulations,

an elastic-perfectly plastic material model was used to account for the plasticity caused by the

normal forces. From these analyses, it was concluded that, in the critical region, the mean bulk

stresses ranged from 53 to 243 MPa, and the compressive forces were on the order of 100–1270

N. Note that the mean bulk stresses and compressive forces estimated by Rocha (2019) are in a
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similar range to those used in the fretting fatigue tests performed in other studies (Rocha et al.,

2019; Said et al., 2020a, Matos et al., 2020, 2022; Arnaud et al., 2023).

To define the bulk stress amplitudes and the number of loading cycles of each sub-block,

vibration measurements taken on a 230 kV transmission line located in the center-west region of

Brazil were considered. The data were recorded at a transmission line composed of two AAAC

900 MCM conductors separated by rigid spacer clamps, as shown in Fig. 4.2a. Each conductor

had a total of 37 wires made of AA6201-T81 with a diameter of 3.96 mm, and both conductors

were subjected to a stretching force of 26 kN. Additional details about this transmission line

can be found in (Kalombo et al., 2015).
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Figure 4.2: Schematic of the procedure for determining the stress amplitudes and loading cycles
of the loading block. (a) Transmission line with spacer clamp and vibration recorders. (b) Fre-
quency distribution of bending displacement amplitude over a year. (c) Frequency distribution
of bulk stress amplitude.

Two PAVICA vibration recorders were installed near one of the spacer clamps (see
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Fig. 4.2a). An schematic of the installation and vibration measurement is shown in Fig. 4.3.

Note that the schematic in Fig. 4.3 is representative of a typical conductor-suspension clamp

system, which is commonly found in single stranded and bundled conductors. While this confi-

guration does not correspond exactly to the conductor-spacer clamp system shown in Fig. 4.2a,

the procedure of measuring the bending displacement amplitude illustrated in Fig. 4.3 is va-

lid for clamp devices in general. The device contains a main cylindrical housing, fixed to the

conductor by means of a metallic clamp. A cantilever beam with a length of 89 mm is used

to measure the vibration amplitude. One end of this beam has strain gages and is connected

to the housing of the recorder, while the other end has a feeler in contact with the conduc-

tor. The feeler is placed at a region diametrically opposed to the last point of contact (LPC)

between the conductor and the clamp device. The vibration recorder registers the bending dis-

placement amplitude Yb of the conductor, which is defined by IEEE (1966) as the displacement

(peak-to-valley) of the point of the conductor diametrically opposed to the LPC and located at

a longitudinal distance of 89 mm from the LPC. This point is represented by a red circle in

Fig. 4.3. Note that IEEE has traditionally defined the bending displacement amplitude as the

difference between the peak and the valley displacements, whereas the fatigue community has

defined the amplitude as half the peak-to-valley difference.
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Figure 4.3: Schematic of the (a) positioning of a vibration recorder at a conductor-clamp system
and (b) point where the peak-to-valley bending displacement amplitude Yb is measured.

The vibration data used in the present study were obtained from the lower vibration recor-

der shown in Fig. 4.2a. The measurements were performed in 2012, between July and August.

Ten-second samples were obtained every 15 minutes for 10 days. This procedure follows the

recommendations provided by IEEE (1966), which states that, under normal conditions with

predominantly steady wind, a record period of one to two weeks long is usually sufficient to

record the maximum bending displacement amplitude of the conductor. The vibration data were

then extrapolated to a period of one year, as recommended by EPRI (2006). This procedure re-

sulted in the plot of bending displacement amplitude vs. number of megacycles per year shown

in Fig. 4.2b. After that, the bending stress amplitude σa was calculated from the measured ben-

ding displacement amplitude Yb by using the Poffenberger–Swart relation (Poffenberger and

Swart, 1965):

σa = KYb (4.1)
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where the parameter K is given by

K =
Eadap

2

4(e−px − 1 + px)
(4.2)

where Ea and da are the Young’s modulus and the diameter of an aluminum wire of the external

layer of the conductor, respectively. For the vibration recorder considered in this study, the

distance x between the LPC and the point where the bending displacement was measured was

89 mm. The quantity p is defined by

p =

√
T

EI
(4.3)

where T is the tension force in the conductor and EI is its bending stiffness. According to

Poffenberger and Swart (1965), the bending stiffness can be calculated by considering: (i)

that all wires act as a single element and that contact zones are adhered, (ii) that each wire

acts as an independent element and that contact zones are in gross sliding condition, or (iii)

that the wire interactions are somewhere in between. Hypotheses (i) and (ii) correspond to

the conditions of maximum and minimum bending stiffness, respectively. For small levels of

bending displacement, which are typical of aeolian vibration, the bending stiffness is expected

to be close to its maximum value because there is practically no gross sliding. However, studies

(Poffenberger and Swart, 1965; EPRI, 2006) show that a good correlation between theory and

experimental data can be obtained even when using a minimum stiffness value, which for AAAC

conductors can be determined by the expression:

EI = naEa
πd4a
64

(4.4)

where na, da and Ea are the number, diameter, and Young’s modulus of the aluminum alloy

wires. The use of the foregoing relations yielded K = 35 MPa/mm for the AAAC conductor

under study.

After the calculation of the bending stress amplitude using Eq. (4.1), the nominal stress
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amplitude ∆S/2 in the wire was determined as ∆S/2 = Mσa, where M is a multiplying factor.

The reason for using this factor is that the bending stress amplitudes are small (between 0.3

and 13 MPa) because the conductor is designed to operate over hundreds of millions of cycles.

Thus, to define test conditions that resulted in fatigue failure in a reasonable time duration (i.e.,

days rather than months), a multiplying factor M = 3 was used.

Regarding the number of cycles applied in the main loading block, a value of Nblock =

50, 000 cycles was chosen. This value was defined to provide a high number of repetitions of

loading blocks, resulting in several stress amplitude variations during the tests. This proce-

dure followed the suggestion by Sonsino (2007) that the load sequence applied in a variable

amplitude loading test should be repeated at least five to ten times to provide an adequate re-

presentation of the in-service loading. The definition of the number of cycles applied in each

sub-block was made considering the number of cycles of the loading block and the number of

megacycles per year for each stress amplitude (Fig. 4.2c). Note that for the transmission line

considered in the present study, most of the loading cycles occurred at small stress amplitudes,

while few cycles were observed at large amplitudes. To represent this condition, the number of

cycles applied in the high, intermediate, and low sub-blocks was defined to correspond to 5%,

15%, and 80% of the number of cycles of the loading block, respectively.

Table 4.1 gives the loading conditions and measured lives of the fretting fatigue tests

performed on AA6201 wires. Note that the mean bulk stress is kept constant during the test,

while the remote stress amplitude varies between each sub-block. As a result, the bulk stress

ratio varies throughout the test, ranging from 0.7 to 0.9. During these tests, all parameters except

the bulk stress amplitude of the high-amplitude sub-block are kept constant. The objective was

to evaluate how high stress amplitudes affect fatigue life since they occur during a short amount

of loading cycles compared to the wire lifetime. In this context, all tests provided fatigue

lives of about five to ten million cycles, regardless of the high stress amplitude applied. It

should be mentioned that these tests were performed by keeping the displacement of the upper

hydraulic actuator fixed. Thus, the tangential force Q is not directly controlled in the tests but

arises as a reaction to the cyclic bulk force applied. The tangential force is calculated as the

difference between the force measurements from two load cells located near both ends of the
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wire specimen. In all tests, the tangential force is in phase with the cyclic bulk force and has

a ratio of about -1. The tangential force amplitude varies during the tests, following a similar

three-block loading history to that shown in Fig. 4.2c. The minimum and maximum amplitudes

registered during the tests were 150 and 270 N, respectively.

Table 4.1: Loading conditions and lives of fretting fatigue tests of AA6201 wires under variable
amplitude loading.

Specimen
ID

P

(N)
Sm

(MPa)
∆SH/2

(MPa)
∆SI/2

(MPa)
∆SL/2

(MPa)
NH

(cycle)
NI

(cycle)
NL

(cycle)
Nf

(cycle)

02 500 243 40 24 16 2500 7500 40,000 5,700,581
01 500 243 40 24 16 2500 7500 40,000 7,452,037
05 500 243 36 24 16 2500 7500 40,000 5,650,168
03 500 243 36 24 16 2500 7500 40,000 9,500,092
04 500 243 32 24 16 2500 7500 40,000 4,850,270
08 500 243 32 24 16 2500 7500 40,000 5,400,215

P = compressive normal force; Sm = mean bulk stress; ∆S/2 = bulk stress amplitude; N = number of cycles
applied in a sub-block; Nf = number of cycles to failure.

The loading program studied here was limited to loading blocks with three different bulk

stress amplitudes. This is a simple representation of the actual vibrations of conductors in trans-

mission lines, which was adopted as an initial attempt to evaluate the life prediction approaches

described in Section 4.3. However, it is important to highlight that the methodology proposed

for the definition of the bulk stress amplitudes based on vibration recorder data could also be

employed for more complex loading conditions. For instance, tests with more sub-blocks could

be defined by taking more points from the graph of frequency distribution shown in Fig. 4.2c.

Additionally, tests with a random load spectrum could be defined by considering that each lo-

ading cycle would exhibit one of the bulk stress amplitudes shown in Fig. 4.2c, and that the

probability of occurrence of a given amplitude would be proportional to the number of megacy-

cles in a year measured for each stress amplitude with the vibration recorder.
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4.3 Methodologies for fatigue life prediction

The durability of overhead conductors has traditionally been assessed using stress-life

data produced in resonant test benches (see, e.g., Azevedo et al., 2009; Fadel et al., 2012).

Taking advantage of today’s computational power and finite element (FE) technology, recent

efforts have been directed to the development of FE-based procedures for fatigue life prediction

of conductor-clamp systems. A major feature of these procedures is the incorporation of the

root cause of fatigue failure of conductors, i.e., fretting fatigue in the contact regions of wires.

Moreover, they can be useful tools for analyzing the impact of new materials, clamp geometries,

and wire cross section configurations on the conductor life.

In addition to a FE model of the conductor-clamp system, the above-mentioned proce-

dures require (i) a reliable methodology for life prediction of wires under fretting fatigue, and

(ii) fatigue test data of aluminum alloys typically used in overhead conductors. The authors

and collaborators developed two methodologies (Rocha et al., 2019, 2022) for life prediction of

wires under fretting fatigue, which provided a good correlation of test data under constant am-

plitude loading. In this section, these methodologies are extended to variable amplitude loading

conditions.

4.3.1 Life prediction based on the Theory of Critical Distances

The Theory of Critical Distances (TCD) is a widely used method for fatigue analysis of

notches (Taylor, 2007; Susmel, 2009; Castro et al., 2009). It is based on a nonlocal stress me-

asure, defined by an averaging procedure over a characteristic length, that can account for the

stress gradient around the notch to obtain fatigue life predictions. Studies (Araújo et al., 2017,

2020; Kouanga et al., 2018) have shown that the TCD can also account for the stress gradient

beneath the contact zone in fretting fatigue. More recently, efforts (Rocha et al., 2019; Said

et al., 2020a; Vieira, 2020; Matos et al., 2020, 2022; Araújo et al., 2022) have been made to

estimate the durability of wires of overhead conductors using the TCD and a multiaxial fatigue

criterion. In particular, the Smith–Watson–Topper criterion with a critical plane interpretation
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has provided satisfactory life predictions for aluminum alloys commonly used in overhead con-

ductors (Rocha et al., 2019; Matos et al., 2020, 2022; Araújo et al., 2022) (types 1120, 1350, and

6201). In this section, this approach for fatigue life prediction is extended to variable amplitude

loading conditions.

The TCD-based methodology for fatigue life prediction of wires in contact is summarized

in the flow chart of Fig. 4.4. The input data consist of the histories of the contact and bulk forces

on a wire, and a pair of equations that relate the fatigue parameter and the critical distance with

the number of cycles to failure. The fatigue life of the wire is predicted using a critical plane

criterion combined with the rainflow method and Miner’s rule. However, instead of considering

the stress history at the hot spot, a nonlocal stress history is calculated by an averaging procedure

over a critical distance. As discussed in previous studies (Rocha et al., 2019; Matos et al., 2020,

2022), the determination of the fatigue life requires an iterative algorithm. It begins by adopting

a trial critical distance Ltrial from which an estimated fatigue life Nest is computed. Another

estimate Nf,L based on the critical distance vs. fatigue life relation is also obtained. If these

life estimates are different, the trial critical distance is updated and the procedure is repeated.

Otherwise, Nest is taken as the predicted number of cycles to failure. The bisection method

is used in this work to update the critical distance Ltrial at each iteration. To implement this

method, the function f(Ltrial) = Nest − Nf,L is defined on the interval [La, Lb]. For the first

iteration, values of La = 10 µm and Lb = 200 µm are assumed. The iterative procedure is

stopped if the number of iterations exceeds 100 or if the difference between the estimates Nest

and Nf,L is lower than 1%. The choice for a maximum number of iterations of 100 was based

on the initial interval assumed for the critical distance. It is noted that, after 100 iterations, the

difference between the values of Ltrial between two consecutive iterations is lower than 1%, and

thus, there is no significant difference between the life estimates obtained from one iteration to

the next one. Details of this approach for fatigue life prediction are now presented.
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Figure 4.4: Schematic of the TCD-based approach for life prediction of wires under fretting
conditions and variable amplitude loading.

In the volume method of the TCD, the average stress tensor σ associated with the fatigue

damage zone V is given by

σ =
1

V

∫
V

σ̂dV (4.5)
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where σ̂ is the stress tensor at a point in the damage zone, which has the shape of a hemisphere

of radius L (the critical distance). The center of the flat side of the hemisphere is placed at the

hot spot, which is the location at the contact surface where a fatigue crack is expected to form.

The contact of crossed wires produces an elliptically-shaped contact mark and, as observed in

fretting fatigue tests (Rocha et al., 2019; Vieira, 2020; Matos et al., 2020, 2022), cracks typically

initiate at one of the extremities of the major axis of the contact mark.

A finite element-based stress analysis is used to calculate the average stress tensor. Details

about the finite element model are provided elsewhere (Rocha et al., 2019; Matos et al., 2022)

and only a brief description is given here. The specimen and pad are modeled as half-cylinders

placed in contact with each other. Partitions are constructed in the contact regions, which allows

the construction of a refined mesh in the contact zone and a coarse mesh on the bulk of the

wires. An elastic-perfectly plastic material model is used since it was observed to provide more

accurate life estimates for AA6201-T81 wires under fretting fatigue than a linear elastic model

(Matos et al., 2020). The simulations are performed by initially applying a mean bulk force

to the specimen, then a compressive normal force to press the pad against the specimen, and

finally by subjecting the specimen to a cyclic bulk force of variable amplitude. To represent the

three-block loading history, one loading block is simulated and three loading cycles are applied

to each stress amplitude.

As shown in earlier studies (Rocha et al., 2019; Matos et al., 2020, 2022), the SWT

parameter with a critical plane interpretation can provide a good correlation of fretting fatigue

data of wires. For this reason, this fatigue indicator parameter is adopted here. To calculate the

SWT parameter, the normal stresses acting on a material plane are taken as input. The SWT

parameter is expressed by

SWT =
√

σna⟨σnmax⟩ = AN b
f (4.6)

where σna and σnmax are the amplitude and maximum value of the normal stress in a loading cycle

and ⟨⟩ are the Macaulay brackets. The constants A and b can be obtained by fitting fatigue test

data of smooth wires. Typically, the wires of the conductor undergo plastic deformation due to
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the manufacturing process, mounting of the conductor on the line, and application of the initial

pre-tension. However, the conductors usually operate during hundreds of millions of cycles,

which is possible due to a process of elastic shakedown. Thus, the cyclic plastic strains on the

wires are expected to be small, which justifies the use of a stress-based fatigue criterion, such

as the one expressed in Eq. (4.6). Due to the application of a variable amplitude loading, the

normal stress-time history is irregular. Hence, the rainflow cycle-counting method is employed

to extract from the normal stress history in a material plane the number of cycles associated

with each stress level (σna, σnmax). The corresponding SWT parameter for each of these pairs is

calculated using Eq. (4.6), and the number of cycles in one loading block is determined by

Nblock =
k∑

j=1

Nj (4.7)

where k is the number of stress levels (σna, σnmax), and Nj is the number of cycles counted for

each of these pairs.

The fatigue damage fraction ∆D produced by one loading block is calculated using Mi-

ner’s rule, which is expressed by

∆D(θ, ϕ) =
k∑

j=1

Nj

Nfj
(4.8)

For each stress level, Nfj is the number of cycles to failure determined using Eq. (4.6). The da-

mage fraction is defined as a function of the material plane, which in this work is characterized

by a pair of angles (θ, ϕ), where θ indicates the surface crack orientation and ϕ indicates the in-

clination of the crack. The critical plane (θc, ϕc) is defined as the material plane that maximizes

the damage fraction. According to Miner’s rule, the damage produced by one loading block is

permanent and cumulative, and the failure occurs when this damage reaches a critical value Dc.

Therefore, an estimated fatigue life Nest can be obtained using

Nest = Dc
Nblock

∆D(θc, ϕc)
(4.9)
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To implement the fatigue criterion based on the TCD, the critical distance L and the

fatigue life Nf are assumed to follow the relation

L = CNdL
f (4.10)

where C and dL are fitting constants. Eq. (4.10) was initially proposed by Susmel and Taylor

(2007) based on fatigue test data of notched specimens and was later used in (Rocha et al., 2019)

for life prediction of wires under fretting fatigue. In these studies, the methodologies were

calibrated using fatigue test data of smooth and notched specimens under constant amplitude

loading (CAL) and were limited to life prediction of notched components and wires under CAL.

Later studies (Susmel and Taylor, 2012; Kouanga et al., 2023) demonstrated that the same

calibration procedure based on CAL fatigue test data can provide satisfactory life predictions

for notches and fretting components under variable amplitude loading. Based on these results,

the fitting constants of the SWT criterion and the L-Nf relation are obtained in the present work

using CAL fatigue test data of smooth and notched wire specimens.

4.3.2 Life prediction based on a master fatigue curve

A methodology to predict the fatigue life and the critical regions of failure of conductor-

clamp systems was proposed by Rocha et al. (2022). The methodology relies on (i) stress

analysis of the conductor-clamp system based on finite elements, and on (ii) the use of test data

of wires under fretting conditions to estimate the durability of the wires of the conductor. To

evaluate the methodology, fatigue test data of an AAAC 900 MCM conductor were considered.

The predicted lives and critical regions of failure were in good agreement with the experimental

results.

The innovative aspect of Rocha’s approach was the introduction of a master fatigue curve

to represent test data of wires under fretting fatigue. This idea was inspired by the similitude

concept of the S-N method. According to this concept, there is a set of test conditions under

which a specimen tested in the laboratory will have the same fatigue life as a component in

service. In the case of overhead conductors, if a wire specimen tested under fretting conditions
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and a wire of the conductor-clamp system share the same material and nominal stress history,

the fatigue lives of both should be the same. Thus, the master fatigue curve was suggested

for estimating the fatigue life of a wire of the conductor-clamp system. The researchers found

that the test data of AA6201-T81 wires under various normal loads and bulk stress ratios could

be represented by a master fatigue curve using a nominal stress-based version of the Smith–

Watson–Topper (SWT) parameter. The effectiveness of the master fatigue curve approach was

attributed to the fact that it takes into account the effects of stress concentration and stress

gradients since the curve is defined using fretting fatigue test data. Furthermore, the good fit

of the test data obtained using the SWT parameter was attributed to the significant effect of the

mean bulk stress on the life of a wire under fretting fatigue.

The concept of a master fatigue curve was later exploited by Matos et al. (2022) for fret-

ting fatigue test data of AA1120, AA1350-H19, and AA6201-T81 wires. It was observed that

the data for each material could be represented by a single equation using the SWT parameter.

The researchers used this approach to compare the three materials, concluding that the AA1120

and the AA6201-T81 wires had approximately the same fretting fatigue resistance, which was

higher than that of the AA1350-H19 wires. The promising results obtained in (Rocha et al.,

2022; Matos et al., 2022) motivated us to conduct the present research, which is an attempt to

extend the concept of a master fatigue curve to life prediction of wires under fretting fatigue

and variable amplitude loading (VAL).

The flow chart in Fig. 4.5 illustrates the life prediction methodology based on a master

fatigue curve. The input data consist of the nominal stress history of a wire, and the master

curve, which is obtained using test data of wires under fretting conditions. A combination of

the rainflow cycle-counting method and Miner’s rule is used to estimate the fatigue damage

fraction ∆D produced by the nominal stress history. The master fatigue curve is used as a

reference for the calculation of the damage fraction, which in turn is used to predict the fatigue

life of the wire. In what follows, the new formulation of the methodology is presented.
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Figure 4.5: Schematic of the master fatigue curve approach for life prediction of wires under
fretting conditions and variable amplitude loading.

The starting point of this approach is the representation of fretting fatigue test data of

wires under constant amplitude loading as a master fatigue curve. Considering that the SWT

parameter provides, in general, a good correlation for stress-life data of aluminum alloys (Do-

wling et al., 2009; Rocha et al., 2019, 2022; Matos et al., 2020, 2022), the following equation

is proposed for the master fatigue curve:

SWTnom =
√

SaSmax = A′N b′

f (4.11)

where Sa and Smax are the amplitude and maximum value of the nominal stress in a loading

cycle, and A′ and b′ are fitting constants. The rainflow cycle-counting method is used to extract

from the nominal stress history a set of stress levels (Sa, Smax) and the number of loading cycles
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Nj associated with each level. Eq. (4.11) is then employed to calculate the corresponding

SWTnom parameter for each stress level.

After the application of the rainflow method, the fatigue damage fraction ∆D produced

by one loading block is estimated using Miner’s rule, which is expressed as

∆D =
k∑

j=1

Nj

Nfj,nom

(4.12)

where Nfj,nom is the number of cycles to failure for a given stress level (Sa, Smax), determined

using Eq. (4.11). Finally, the estimated fatigue life Nest is obtained using

Nest = Dc
Nblock

∆D
(4.13)

where Dc is the critical damage and Nblock is the number of cycles in one loading block.

4.4 Results and discussion

Life prediction based on a master fatigue curve requires checking if fretting fatigue test

data can be reduced to a single curve, such as that defined by Eq. (4.11). The data used here are

summarized in Table 4.2, which includes tests on AA6201-T81 wires subjected to normal loads

ranging from 250 to 1000 N, bulk load ratios of 0.1 and 0.8, and bulk stress amplitudes from

15 to 99 MPa. Fig. 4.6 presents a plot of the data in terms of the SWT parameter (calculated

using the nominal bulk stress) versus the number of cycles to failure. It is seen that the power-

law relation SWTnom = 1840N−0.22
f provided a good fit of the data, which were mostly within

factor-of-three boundaries. This result shows that the nominal SWT parameter was capable

to reduce fretting fatigue test data of AA6201-T81 wires under various test conditions and

covering a wide range of lives (from 4× 105 to 6× 106 cycles).
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Table 4.2: Fretting fatigue test conditions of AA6201-T81 wires under constant amplitude loa-
ding.

α (°) P (N) Sa (MPa) R Reference

20 500 15–24 0.8 Rocha et al., 2022
20 500–750 24 0.8 Matos et al., 2020
20 250–500 53–99 0.1 Garcia et al., 2020
29 500–1000 55–92 0.1 Vieira, 2020

α = crossing angle between wires P = compressive normal force; Sa = bulk stress amplitude; R = bulk stress
ratio

P = 250 N    (R = 0.1)
P = 500 N    (R = 0.1)
P = 750 N    (R = 0.1)
P = 1000 N  (R = 0.1)
P = 500 N    (R = 0.8)
P = 750 N    (R = 0.8)
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-0.22

Factor of 3

Figure 4.6: Correlation of fretting fatigue test data of AA6201-T81 wires with the SWT para-
meter calculated using the nominal bulk stress.

For life prediction based on the Theory of Critical Distances, one must first determine the

constants of the SWT criterion in Eq. (4.6) and the L-Nf relation in Eq. (4.10). These constants

were obtained by fitting the test data of smooth and V-notched wires reported in (Matos et al.,

2020), which resulted in the power-law relations SWT = 252N−0.03
f and L = 1765N−0.24

f (see

Fig. 4.7).
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Figure 4.7: (a) SWT parameter vs. fatigue life for the smooth wires. (b) Critical distance vs.
fatigue life for the V-notched wires.

The application of the life prediction methodologies also requires the specification of the

critical damage Dc. In 1979, CIGRÉ (1979) performed a series of fatigue tests on AlMgSi

conductors under variable amplitude loading. It was observed that the critical damage of these

tests ranged from 0.7 to 2.3, which lead CIGRÉ to recommend the use of a critical damage

Dc = 1 for overhead conductors. In later studies (Brunair et al., 1988; Goudreau et al., 2005;

Murça, 2011), fatigue tests were performed on ACSR (Aluminum Conductor Steel Reinforced)

conductors under variable amplitude loading and similar critical damage values were obtained,

ranging from 0.4 to 3.4. In addition, studies (Gandiolle et al., 2016; Pinto et al., 2020; Kouanga

et al., 2023) on fretting components under variable amplitude loading have employed a critical

damage Dc = 1. Based on these results, a critical damage Dc = 1 is adopted in the present

study.
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After calibrating the constants of the fatigue life prediction methodologies, the durability

of AA6201-T81 wires subjected to fretting fatigue and variable amplitude loading was predic-

ted. A comparison of measured and predicted lives is shown in Fig. 4.8. The estimates based

on a master fatigue curve were all conservative and were within a factor of 4 of the measured

lives. The lives estimated using the Theory of Critical Distances (TCD) were evenly scatte-

red with respect to the solid diagonal (perfect correlation) line and were within factor-of-three

boundaries. Note that the loading sequence may affect the average stress tensor from the FE

simulations and, consequently, the life estimates, which could explain why the TCD-based ap-

proach did not display a conservative bias. It should be mentioned that the master fatigue curve

was defined in the present study using only nominal bulk stresses. The methodology was purpo-

sely designed to be as simple as possible, and still provide reasonable life estimates for design

purposes. There are limitations to this methodology, as other test parameters such as the normal

and tangential forces, can also affect the lives of wires under fretting fatigue (Matos et al., 2020;

Said et al., 2020b; Omrani et al., 2022). Despite the simplifications, the results obtained in the

present study show that the methodology can provide life predictions within a similar scatter to

the fretting fatigue test data used to calibrate the master curve.

103



P
re

di
ct

ed
 L

ife
 (

C
yc

le
s)

105

106

107

108

109

Observed Life (Cycles)
105 106 107 108 109

Master fatigue curve

Methodologies

Theory of Critical
Distances

Factor of 3

Factor of 4

Figure 4.8: Observed vs. predicted lives for fretting fatigue tests on AA6201-T81 wires under
variable amplitude loading.

The results in Fig. 4.8 suggest that the two methodologies are promising tools for durabi-

lity analysis of wires subjected to fretting fatigue and variable amplitude loading. Note that both

methodologies were capable to predict fatigue lives reasonably well despite all the influencing

factors of the problem (such as plasticity, wear, and loading sequence) and the simplifications

made in the formulations. The approach based on a master fatigue curve is easier to implement

since it does not require an FE-based stress analysis of the wires in contact. However, fretting

fatigue test data of wires are necessary to calibrate the master curve, which in turn requires

an experimental apparatus such as that in Fig. 4.1. On the other hand, the methodology based

on the Theory of Critical Distances needs a refined FE-mesh in the contact zone, but is cali-

brated using axial fatigue test data of smooth and notched wires, which can be obtained from

conventional servo-hydraulic testing machines.

104



4.5 Conclusions

Two previously developed methodologies (Rocha et al., 2019, 2022) for life prediction

of wires under fretting fatigue were extended to variable amplitude loading conditions. These

predictive tools are based on a master fatigue curve and on the Theory of Critical Distances.

To evaluate these methodologies, fretting fatigue tests were performed on AA6201-T81 wires

using three-block loading histories. Vibration data from an operating transmission line were

considered for the definition of the test parameters. Both methodologies had an acceptable

level of accuracy for engineering calculations, providing life estimates within a factor of 4 of

the measured lives. These results indicate that the two methodologies can be useful tools for

fatigue analysis of wires of overhead conductors. One major feature of the methodology based

on a master fatigue curve is that it does not require an FE-based stress analysis of the wires in

contact. An advantage of the methodology based on the Theory of Critical Distances is that it

can be calibrated using data from simple axial fatigue tests on smooth and notched wires.
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5 Fatigue life prediction of ACSR Ibis con-
ductor under high-low and low-high loa-
ding sequences using a finite element 3D
model

This chapter is a reproduction of the following publication:

Matos IM, Lalonde S, Araújo JA, Castro FC. Fatigue life prediction of ACSR Ibis

conductor under high-low and low-high loading sequences using a finite element 3D

model. Submitted to International Journal of Fatigue.

5.1 Introduction

Overhead conductors used in transmission lines are exposed to oscillatory motions caused

by the wind, which can lead to the fatigue failure of their wires. The failures typically take place

near devices that restrict the movement of the conductor, such as suspension clamps. At these

critical regions, fretting fatigue can occur at the contact zones of the wires, leading to crack

initiation and eventually to wire rupture (Azevedo et al., 2009; Cosmai et al., 2017). To monitor

the conductor oscillations, power utilities generally use a vibration recorder attached to the

conductor or to the suspension clamp. The vibration data recorded by these devices can then

be used to assess the risk of conductor fatigue failure and to estimate its remaining lifetime.

Vibration measurements from operating transmission lines have shown that the conductor is

usually subjected to oscillations of varying amplitudes, which often follow beat patterns, as

reported in (Rawlins and Harvey, 1959; Edwards and Boyd, 1963; Cosmai et al., 2017). Such

variations can be caused by several factors related to the environment and to the hardware

installed on the line. For example, the wind speed and direction can change during the day or

throughout the year, the conductor’s tension force can be modified by temperature variations,
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the landscape can be affected by snow and ice, and dampers can be installed on the line or have

their arrangement modified (Brunair et al., 1988; CIGRÉ, 1995).

The most common approach used to investigate the fatigue behavior of conductors is to

perform fatigue tests using resonant test benches. In these tests, the conductor is usually sup-

ported by a suspension clamp and is subjected to cyclic vertical displacement that is used to

represent the aeolian vibrations. The standard test procedure can be found in (IEC, 2015) and

examples of investigations performed on resonant test benches can be found in (Azevedo et al.,

2009; Lévesque et al., 2010; Kubelwa et al., 2017; Araújo et al., 2022). Although significant

progress has been made in understanding the fatigue failure of the conductor and its influencing

factors, most studies have been performed using constant amplitude loading (CAL) and few

have tried to reproduce more realistic loading conditions. To represent the amplitude variations

typical of the aeolian vibrations, some studies have considered the use of loading blocks (CI-

GRÉ, 1979; Ramey and Silva, 1981; Brunair et al., 1988; Murça, 2011), while others adopted

random loading spectra (Goudreau et al., 2005; Ferreira et al., 2023). These studies have shown

that life estimates of conductors under variable amplitude loading (VAL) based on Miner’s rule

agreed well (within factor of 3 boundaries) with the test data. Moreover, the use of time and

frequency domain approaches provided life estimates with similar accuracy.

Nowadays, fatigue testing of conductors is still a widely used approach for the design

and maintenance of transmission lines. However, this type of test can be expensive, time con-

suming, and dependent on the availability of a resonant test bench. As a result, recent studies

(Said et al., 2020a, 2023; Omrani et al., 2021; Rocha et al., 2022, 2023) have aimed to develop

alternative approaches to predict the durability of conductor-clamp systems that require simpler

and less expensive laboratory infrastructure. These new approaches benefit from recent advan-

cements in finite element (FE) 3D modeling of conductor-clamp systems (Frigerio et al., 2016;

Baumann and Novak, 2017; Lalonde et al., 2017a, 2017b, 2018), since the FE models are capa-

ble to calculate loading conditions at the local (wire) scale. These loading conditions are then

employed into a local-scale fatigue damage analysis of the wires. To perform this local-scale

analysis, some studies (Rocha et al., 2019; Said et al., 2020a, 2023; Araújo et al., 2020, 2022,

2023; Matos et al., 2020, 2022) have proposed the use of FE simulations of wires under fretting
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fatigue. These simulations are used to evaluate a multiaxial fatigue parameter below the contact

surface, which is associated with the life of the wire. In (Omrani et al., 2021), the local-scale

analysis relies on performing a fretting fatigue test on a wire specimen, and associating the me-

asured life with the failure of the conductor-clamp system. Rocha et al. (2022, 2023), proposed

an approach for the local-scale analysis based on master fatigue curves, which are defined using

test data of wires under plain and fretting fatigue. These master curves are used to associate

the local loading conditions with the lives of the conductor’s wires. The approach proposed in

(Rocha et al., 2022, 2023) is remarkable due to its simplicity, since it does not require any FE-

based stress analysis of the wires in contact. Although the results of these studies have indicated

that the proposed methodologies are promising tools for the safe design of transmission lines,

it should be noted that all of these analyses were limited to CAL conditions.

Regarding the local-scale fatigue damage analysis, a previous study by the authors (Matos

et al., 2023) investigated the applicability of life prediction methodologies for wires under fret-

ting fatigue and VAL. The study proposed to extend two previously developed methodologies

(Rocha et al. 2019, 2022) to VAL conditions: one based on the Theory of the Critical Distances

and the other on a master fatigue curve. To evaluate the methodologies, fretting fatigue tests

were performed on 6201-T81 aluminum alloy wires subjected to a three-block loading history.

Most of the lives predicted from the methodologies were within factors of 4 of those measu-

red in the fretting fatigue tests. The accuracy obtained from these predictive tools motivates a

more in-depth evaluation of how they could be applied to the life prediction of conductor-clamp

systems under VAL, using a two-scale approach such as those employed in (Said et al., 2020a,

2023; Omrani et al., 2021; Rocha et al., 2022, 2023).

In this study, the life prediction approach proposed by Rocha et al. (2022, 2023) is exten-

ded to account for VAL conditions. The methodology is evaluated considering fatigue test data

from two studies performed on an ACSR (Aluminum Conductor Steel Reinforced) Ibis 397.5

MCM conductor (Murça, 2011; Fadel et al., 2012). The tests in (Fadel et al., 2012) were carried

out under CAL, while those in (Murça, 2011) were under VAL. Therefore, the proposed metho-

dology will be first applied to the CAL fatigue test results to ensure it provides life estimates

for the ACSR Ibis conductor with an accuracy similar to that obtained in previous studies with
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ACSR Tern and AAAC 900 MCM conductors (Rocha et al., 2022, 2023). Then, the application

of the methodology will be extended to VAL conditions by comparison to the test results in

(Murça, 2011) in order to access if it still provides accurate life estimates.

5.2 Fatigue test data of ACSR Ibis conductors

This section describes the fatigue tests performed in (Murça, 2011; Fadel et al., 2012) on

an ACSR Ibis conductor. The test data will be used to evaluate the life prediction methodology

detailed in Section 5.3. The ACSR is a conductor composed of steel and aluminum wires.

Its design dates back to 1907, when most conductors were made of only copper or aluminum

wires. The desire for conductors with higher strength-to-weight ratio led to the development

of the ACSR, a conductor that combines the light weight and high electrical conductivity of its

aluminum wires with the high mechanical resistance of its steel wires. These characteristics led

to the gradual replacement of copper and aluminum conductors with ACSR conductors, starting

in Germany in 1920 and quickly spreading to other countries over the next decade (Kiessling

et al., 2003). Nowadays, the ACSR is still one of the most widely used type of conductors

(Lequien et al., 2021; Zhang et al., 2020).

The geometric and mechanical characteristics of the ACSR Ibis conductor are listed in

Table 5.1. This conductor is composed of a core and one layer of steel wires, and two layers

of 1350-H19 aluminum alloy (AA) wires. The AA1350 is characterized by its high electrical

conductivity (approximately 62% of that of copper) and low density. These properties have fa-

vored the use of AA1350 wires in ACSR conductors since the early 20th century, and it remains

the primary alloy used in overhead lines today (Sanders and Staley, 2019). The suspension

clamp used in the tests was made of A413.0 aluminum alloy. This material has high corrosion

resistance and excellent castability, which allow this alloy to be used in various applications

that require complex shapes and thin-walled castings (Anderson et al., 2019). Details about the

geometry and dimensions of the clamp can be found in (Rocha et al., 2022).
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Table 5.1: Geometric characteristics of the ACSR Ibis 397.5 MCM conductor.

Layer Material n d (mm) l (°) E (GPa) ν

Core Steel 1 2.44 - 207 0.3
1 Steel 6 2.44 6.2 207 0.3
2 AA1350-H19 10 3.14 10.1 69 0.33
3 AA1350-H19 16 3.14 13.9 69 0.33

n = number of wires; d = wire diameter; l = lay angle; E = Young’s modulus; ν = Poisson’s ratio.

Fig. 5.1 shows the resonant test rig and the loading histories applied in the tests. The

test procedures followed the guidelines provided in (CIGRÉ, 2010; IEC, 2015). During the

experimental setup, the conductor was assembled to the suspension clamp, which was attached

to a metallic cradle. The cradle was adjusted to have angle of 10° between the clamp and the

horizontal position of the conductor, so as to represent the sag angle in a transmission line.

Dead blocks and a winch were used to apply a tension force of T = 14.5 kN to the conductor,

and a torque of 50 N·m was applied the bolts of the clamp, resulting in a clamping force of

Fc = 59 kN. The cyclic vertical displacement of the conductor was applied by an electrodyna-

mic shaker, which operated in conjunction with an accelerometer positioned 89 mm from the

last point of contact (LPC) between the conductor and clamp. The shaker and accelerometer

were connected to a closed-loop system designed to control the bending displacement, i.e., the

vertical displacement of the conductor at the position where the accelerometer was installed.
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Figure 5.1: Schematic of the (a) fatigue test bench, (b) applied loads, and (c) loading histories.

The loading histories used in the fatigue tests are shown in Fig. 5.1c. The tests were

performed by controlling the bending displacement amplitude Yb of the conductor, which cor-

responds to the vertical displacement amplitude (peak-to-valley) of the conductor measured at

89 mm from the LPC. In (Fadel et al., 2012), the Yb was kept constant during each test, and

the tests were stopped after three wire breaks or at least 3 × 106 loading cycles without a wire

break. On the other hand, the tests in (Murça, 2011) followed a block loading program with

low-high and high-low sequences. In these tests, the initial level of bending displacement am-

plitude Yb1 was applied until a predetermined number of cycles was reached. The amplitude

was then increased (low-high test) or reduced (high-low test) to a second level Yb2, which was

kept constant for the rest of the test. These tests were stopped after one wire break or at least

2× 106 loading cycles without a wire break.

Table 5.2 summarizes the loading conditions applied in the CAL tests and the number of

cycles to the rupture of the first, second, and third wires. The test program consisted in a total

of 16 tests under five different levels of bending displacement amplitude Yb, with at least two

replicate tests for each level. The bending displacement amplitude vs. fatigue life data points

are shown in Fig. 5.2. Note that the slopes of the Yb vs. Nf curves for the first three wire breaks
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are approximately identical, which indicates that these wire breaks are equally affected by the

bending displacement amplitude applied in the test.

Table 5.2: Loading conditions and lives of the tests on ACSR Ibis conductors under constant
amplitude loading.

Test ID
Yb

(mm)
Nf1st × 106

(cycle)
Nf2nd × 106

(cycle)
Nf3rd × 106

(cycle)

C01 1.38 0.42 1.05 1.19
C02 1.38 0.65 0.73 1.05
C03 1.27 0.99 1.47 1.64
C04 1.27 1.01 1.42 2.31
C05 1.10 0.98 2.45 2.49
C06 1.10 1.77 2.46 3.15
C07 1.10 0.64 1.07 1.84
C08 1.00 3.10 >3.90 >3.90
C09 1.00 1.24 3.51 3.71
C10 1.00 3.57 5.81 7.30
C11 1.00 1.36 2.73 5.74
C12 1.00 3.10 4.30 7.10
C13 0.90 5.00 >5.00 >5.00
C14 0.90 2.98 6.34 >9.03
C15 0.90 3.00 3.42 4.50
C16 0.90 1.90 7.44 9.10

Yb = bending displacement amplitude; Nf1st, Nf2nd, Nf3rd = number of cycles to 1st, 2nd, and 3rd wire breaks.
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Figure 5.2: Bending displacement amplitude vs life data of the fatigue tests on ACSR Ibis
conductor under constant amplitude loading.

Table 5.3 lists the loading conditions and the number of cycles to the first wire break

of the VAL tests. A total of 14 tests were performed, with nine under a high-low sequence,

and five under a low-high sequence. Note that several tests (for instance, tests V01 to V05)

were performed under the same bending displacement amplitudes Yb1 and Yb2, but with distinct

numbers of cycles N1 applied during the first loading block. The goal was to evaluate the effect

of the damage produced during the first loading block on the failure of the conductor. It was

observed that the lives of the tests are affected by the damage produced during the first block,

and that this effect is more significant for the tests under high-low sequence. For instance, the

life of the test V05 was more than five times longer than the life of the test V01.
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Table 5.3: Loading conditions and lives of the tests on ACSR Ibis conductors under variable
amplitude loading.

Test ID
Load

sequence
Yb1

(mm)
Yb2

(mm)
N1 × 106

(cycle)
Nf1st × 106

(cycle)

V01 High-low 1.39 0.90 0.37 0.77
V02 High-low 1.39 0.90 0.27 >4.27
V03 High-low 1.39 0.90 0.11 1.91
V04 High-low 1.39 0.90 0.11 >2.79
V05 High-low 1.39 0.90 0.11 >5.11
V06 High-low 1.27 1.00 0.70 2.15
V07 High-low 1.27 1.00 0.50 >2.05
V08 High-low 1.27 1.00 0.50 5.00
V09 High-low 1.27 1.00 0.20 3.30
V10 Low-high 0.90 1.39 2.20 2.35
V11 Low-high 0.90 1.39 1.50 1.52
V12 Low-high 0.90 1.39 0.85 0.99
V13 Low-high 1.00 1.27 1.55 1.57
V14 Low-high 1.00 1.27 0.62 0.93

Yb1, Yb2 = bending displacement amplitudes of the 1s and 2nd blocks; N1 = number of cycles applied in the 1st
block, Nf1st = number of cycles to 1st wire break.

5.3 Methodology for life prediction of overhead conductors

under variable amplitude loading

A methodology for life prediction of conductors subjected to constant amplitude loading

(CAL) was proposed by Rocha et al. (2022). The methodology combines (i) a finite element

(FE) three-dimensional model of the conductor-clamp system with (ii) two master fatigue cur-

ves defined using test data of wires under plain and fretting fatigue. The FE model is used to

estimate the axial stresses along the conductor’s wires for a given loading condition. The axial

stresses are then used to calculate a fatigue parameter. Finally, the master curves are used to

associate the fatigue parameter with the number of loading cycles that will cause the rupture of

a specific number of wires (usually 10% of the conductor’s wires). The methodology was eva-

luated in (Rocha et al., 2022, 2023) using fatigue test data of AAAC 900 MCM and ACSR Tern
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conductors, showing that most of the predicted lives were within factors of 3 of the measured

lives. These results have motivated us to extend the methodology proposed in (Rocha et al.,

2022) to account for variable amplitude loading (VAL) conditions, as detailed in this section.

A schematic of the life prediction methodology is presented in Fig. 5.3. The input data

for this approach consist of the loading conditions applied to the conductor-clamp system, and

test data of wires under plain and fretting fatigue. These test data are used to define two master

fatigue curves that relate a fatigue parameter with the number of loading cycles to wire rupture.

A combination of the master curves with the rainflow method and Miner’s rule is used to assess

the fatigue damage fraction ∆D along the conductor’s wires. A wire rupture is predicted to

occur when the damage fraction in a wire reaches a critical value Dc. Details about this approach

are described as follows.
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Figure 5.3: Schematic of the life prediction methodology for conductors under variable ampli-
tude loading.

The FE model of the conductor-clamp system is shown in Fig. 5.4a. The model was pro-

posed by Lalonde et al. (2017a, 2017b, 2018), and is adapted in this work to represent the ACSR

Ibis conductor and the clamp used in the fatigue tests described in Section 5.2. A conductor’s

length of 1600 mm was considered and each wire was modeled using quadratic beam elements

with three nodes and an element size of 10 mm. For the keeper and the clamp body, quadratic
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rigid surface elements with an element size of 2.5 mm were used. The penalty formulation was

employed to describe the contact interactions between wires of the same or of adjacent layers,

and between wires of the external layer with the clamp. A friction coefficient of 0.3 was chosen

for the steel-steel and steel-aluminum contact interactions, while a coefficient of 0.9 was adop-

ted for the aluminum-aluminum interaction. Note that several studies (Baumann and Novak,

2017; Lalonde et al., 2017a, 2017b, 2018; Said et al., 2020; Rocha et al., 2022, 2023) have

used the same or similar friction coefficient values to describe the contact interactions in FE

simulations of overhead conductors.

Load step 1

Fixed

Fixed

Load step 2

Fixed

Load step 3 Load step 4

b

a

z
x

y

Passive span

Active span

Figure 5.4: (a) Finite element model of the conductor-clamp system and (b) boundary conditi-
ons.

The linear elastic behavior of the steel and AA1350-H19 wires was defined using the

mechanical properties listed in Table 5.1. In addition, an elastic-perfectly plastic behavior was

defined for the AA1350-H19 wires using a yield stress of σy = 165 MPa. This value is typically

found in the literature for this material (Aluminum Association, 1989; Anderson et al., 2019)

and is the same value that was previously adopted in (Rocha et al., 2023) for their FE-based

stress analyses of the ACSR Tern conductor. Thus, the use of this value facilitates a comparison

between the results obtained in (Rocha et al., 2023) and those of the current research.

The conductor static loading is applied within three load steps in the FE simulations, as

illustrated in Fig. 5.4b. In load step 1, the clamp body and the active end of the conductor are
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fixed in place. Then a tension force T0 = 3.6 kN is applied to the passive end of the conductor

at an angle βp = 18°. In load step 2, the passive end of the conductor is fixed in place and a

tension force T = 14.5 kN is applied to the active end of the conductor at an angle β0 = 10°.

In load step 3, the keeper is moved in the negative direction of the y-axis until it comes into

contact with the conductor. A clamping force Fc = 59 kN is then applied to the center of the

keeper. Finally, the cyclic loading is applied in load step 4 by varying the angle β0 at which the

tension force T is applied by ±∆β. Based on preliminary simulations, an association is made

between the angle variation ∆β and the bending displacement amplitude Yb of the conductor.

Note that in the simulations of the CAL tests, a single ∆β value is used and two loading cycles

are simulated. On the other hand, the simulations for the VAL test are performed by using two

∆β values and by simulating two loading cycles for each amplitude.

The FE simulations were used to determine the axial stress history along the AA1350-

H19 wires of the ACSR Ibis conductor. After an FE simulation, the loading history is extracted

from the inner and outer cross-section nodes (refer to Fig. 5.3) of each beam element that is

used to model the AA1350 wires. The inner and outer cross-section nodes are identified as the

nodes that are as close as possible to the contact points between wires of adjacent layers or

between wires of the outermost layer with the clamp. Note that in the fatigue tests performed in

(Murça, 2011; Fadel et al., 2012), all wire breaks occurred due to the initiation and propagation

of cracks from the fretting marks of the AA1350 wires. Thus, the fatigue damage analyses in

the present study are carried out considering only the layers composed of AA1350 wires.

For conductors subjected to variable amplitude loading, the axial stress history in the wi-

res may be irregular, requiring the use of a cycle counting method to assess the fatigue damage.

In this work, the rainflow method is considered to reduce the axial stress history into an equi-

valent loading block composed of k different stress levels of constant amplitude. Each level is

associated with a stress pair (σax, σmax), where σax is the axial stress amplitude, and σmax is the

maximum axial stress. The number of cycles in one loading block Nblock is calculated as

Nblock =
k∑

j=1

Nj (5.1)
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where Nj is the number of cycles counted for a given stress level (σax, σmax). The fati-

gue damage produced in each stress level is determined using a stress-based form of the

Smith–Watson–Topper (SWTnom) fatigue parameter, which can be expressed as

SWTnom =
√

σax⟨σmax⟩ (5.2)

Note that, by using the Macaulay brackets ⟨⟩, the SWTnom parameter becomes zero for negative

maximum stresses and thus, the criterion predicts no failure.

After counting the loading cycles using the rainflow method and associating the identified

stress levels with the SWTnom parameter, it is possible to estimate the fatigue damage fraction

∆D produced by one loading block using Miner’s damage rule, which can be expressed by

∆D =
k∑

j=1

Nj

Nfj
(5.3)

where Nfj is the number of cycles to failure for a given stress level (σax, σmax). Two master

fatigue curves are used to associate the SWTnom parameter in each stress level with its corres-

ponding number of cycles to failure Nf. One of the master curves is defined using test data of

wires under fretting fatigue, which are fitted by the power law function SWTnom = AN b
f . This

curve is used to evaluate the inner and outer cross-section nodes that represent contact points

between a wire with the clamp or with another wire. The other master curve is defined in a

similar manner, using test data of wires under plain fatigue and fitting the data by the power law

function SWTnom = A′N b′
f . This curve is used to evaluate the outer cross-section nodes of the

wires of the outermost layer that are not in contact with the clamp. Note that different fitting

constants are assumed for each power law relation since aluminum alloy wires typically display

higher resistance under plain fatigue than under fretting fatigue (Matos et al., 2022; Rocha et

al., 2023).

After defining the fatigue damage fraction ∆D produced by the axial loading history, the

estimated fatigue life Nest can be obtained using
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Nest = Dc
Nblock

∆D
(5.4)

where Dc is the critical damage. Generally, the critical damage is assumed to be Dc = 1

or is determined from VAL tests carried out until the material rupture. The critical damage

is defined from these tests as the fatigue damage fraction ∆D produced until the material’s

rupture, calculated using Eq. (5.3). Note that, by using Eqs. (5.1) to (5.4), a fatigue life estimate

Nest will be obtained for each inner and outer cross-section node of the beam elements that are

used to model the AA1350-H19 wires of the conductor. The shortest life estimate corresponds

to the number of loading cycles that lead to the first wire rupture, the second shortest life to the

number of cycles for the second wire rupture and so on.

5.4 Results and discussion

In this section, the life prediction methodology will be evaluated using the fatigue test data

of ACSR Ibis conductors presented in Section 5.2. Firstly, the methodology will be validated by

comparing the predicted and measured lives of the tests under constant amplitude loading. The

approach will then be evaluated for its ability to predict the lives, the loading sequence effects,

and the wire break locations for the tests under variable amplitude loading.

5.4.1 Life prediction under constant amplitude loading

The life prediction methodology described in Section 5.3 relies on the use of master fa-

tigue curves to evaluate the axial stresses on the conductor’s wires. The following analyses

consider two fatigue curves, which were obtained in a previous study by part of the authors

(Rocha et al., 2023) and are presented here for completeness. These curves were defined by

correlating the lives of fatigue tests on AA1350-H19 wires with a nominal stress-based version

of the Smith–Watson–Topper (SWTnom) parameter. The data in Fig. 5.5a were obtained from

fully reversed axial fatigue tests performed in (Rocha et al., 2019) using plain wire specimens,

and were fitted by the power-law relation SWTnom = 221N−0.07
f . This relation will be used to
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estimate the fatigue damage at the outer cross-section nodes of wires of the external layer of

the conductor which are not in contact with the clamp. Fig. 5.5b shows the data from fretting

fatigue tests performed in (Rocha et al., 2019; Omrani et al., 2021) using wires under wire-

wire and wire-clamp contact configurations. These data were fitted by the power-law relation

SWTnom = 815N−0.18
f , which will be used to evaluate the damage at outer and inner cross-

section nodes of wires of the two outermost layers of the conductor that are in contact, either

with another wire or with the clamp.
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Figure 5.5: SWTnom parameter vs. fatigue life for AA1350-H19 wires under (a) plain fatigue
and (b) fretting fatigue.

After defining the constants of the SWTnom-Nf relations, the lives of the fatigue tests
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on ACSR Ibis conductors under constant amplitude loading (CAL) were predicted using the

methodology summarized in Fig. 5.3. For CAL conditions, the loading history of any inner

or outer cross-section nodes of the wires is composed of a single stress level SWTnom applied

during Nblock = 1 cycle, and the critical damage is Dc = 1. Thus, the estimated life of a node is

Nest = Nf, where Nf is the number of cycles to failure for a given stress level SWTnom obtained

from one of the SWTnom-Nf relations. The three shortest life estimates Nest correspond to the

number of cycles to the rupture of the first three wires.

Fig. 5.6 shows a comparison between the predicted and measured lives of the CAL fatigue

tests on the ACSR Ibis conductor. It can be seen that the methodology was able to predict

the number of cycles for the first three wire breaks of the conductor in good agreement with

the experimental data, with most predictions being within factors of 3 of the observed lives.

Note that the data points are scattered along the line of perfect correlation (solid diagonal line),

which indicates that the methodology can accurately take into account the effect of the bending

displacement amplitude applied to the conductor on its fatigue life. The lives predicted in this

work had an accuracy similar to that obtained in previous studies (Rocha et al., 2022, 2023), in

which the methodology was applied to CAL fatigue test data of an ACSR Tern and an AAAC

900 MCM conductors. Like the ACSR Ibis, the ACSR Tern is also composed of AA1350

wires, but the conductor has a different geometry. Meanwhile, the wires of the AAAC 900

MCM conductor are manufactured using a different material, the AA6201. The results obtained

for these three conductors show that the methodology can provide accurate life predictions for

different conductor geometries and wire materials.
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Figure 5.6: Predicted vs. measured lives for the fatigue tests on ACSR Ibis conductors under
constant amplitude loading, considering a yield stress of 165 MPa.

5.4.2 Life prediction under variable amplitude loading

The use of the life prediction methodology for VAL conditions relies on the definition of

the master fatigue curves SWTnom-Nf, and the critical damage Dc. For the former, the same

curves previously adopted in Section 5.4.1 for the CAL fatigue analyses will be employed here.

As for the critical damage, a value of Dc = 1 is used in this study, following the guidelines

provided by CIGRÉ (1979). These guidelines were proposed by a study committee organized

by CIGRÉ (1979), who performed a series of VAL fatigue tests on AlMgSi conductors and

evaluated the applicability of Miner’s rule to fatigue damage analyses of conductors. The com-

mittee concluded that the critical damage should be lower than 1.5, and recommended the use

of Dc = 1. Additionally, Matos et al. (2023) have shown that it is possible to obtain satisfactory

life estimates for AA6201-T81 wires under fretting fatigue and VAL by employing Miner’s rule

with a critical damage Dc = 1, which motivates the use of the same value in the present study.

After defining the master fatigue curves and the critical damage, the lives of the tests on

ACSR Ibis conductors under VAL were predicted, considering failure as the first wire break. A

comparison between the predicted and measured lives is shown in Fig. 5.7. Most predictions

were within factors of 3 of the measured lives for both high-low and low-high loading sequen-
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ces, which is a similar accuracy to that obtained in Section 5.4.1 for the CAL tests. These

results suggest that the methodology can be extended to VAL conditions and still provide life

predictions with sufficient accuracy for engineering calculations.
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Figure 5.7: Predicted vs. measured lives for the fatigue tests on ACSR Ibis conductors under
variable amplitude loading, considering a yield stress of 165 MPa.

5.4.3 Material yield stress and loading sequence effects

An important factor to consider in VAL tests is the effect of the loading sequence on

fatigue failure. For the VAL tests performed in (Murça, 2011), the lives of the tests under high-

low sequence were about two times longer than those under low-high sequence. In this regard,

the methodology used in this study was able to take this effect into account, providing longer

life estimates for the tests with high-low sequence than for the tests with low-high sequence.

However, the difference between the predicted lives for the high-low and low-high tests was

approximately 13%, significantly less than observed experimentally. In an attempt to improve

the prediction of the loading sequence effect on the conductor’s failure, new FE simulations

were performed considering a yield stress of 141 MPa for the AA1350-H19 wires. This yield

stress was defined from the stress-strain curve shown in Fig. 5.8, which was obtained from a

tension test performed by (Wang et al., 2008) using a smooth wire specimen with a diameter of

4.57 mm in the gauge section. It is noted that the yield stress obtained by (Wang et al., 2008) is
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slightly lower than the values of 160–165 MPa generally reported for this material (Aluminum

Association, 1989; Anderson et al., 2019).

En
gi

ne
er

in
g 

St
re

ss
 (M

Pa
)

0

20

40

60

80

100

120

140

160

 

Engineering Strain (%)
0 2 4 6 8 10

Figure 5.8: Monotonic tension curve of the AA1350-H19. Adapted from (Wang et al., 2008).

As a first step in evaluating the effect of the yield stress on the fatigue failure of the

conductor, new life predictions were obtained for the CAL tests using the yield stress of 141

MPa as an input into the FE simulations. A comparison between the predicted and measured

lives is shown in Fig. 5.9. Most of the predicted lives were within factors of 3 of the measured

lives, which is an accuracy similar to that obtained for a yield stress of 165 MPa (refer to

Fig. 5.6). These results indicate that either yield stress value can be used for the fatigue damage

analysis of ACSR Ibis conductors under CAL conditions. It should be mentioned that the lives

predicted using a yield stress of σy = 141 MPa were about 60% longer than those predicted by

the model with σy = 165 MPa. Note that in the fatigue critical region, the wires undergo plastic

deformation and, since an elastic-perfectly plastic material model was used, the maximum axial

stresses in the wires were equal to the yield stress. Therefore, the maximum axial stresses in

the wires were lower for the FE simulations performed with σy = 141 MPa than for those with

σy = 165 MPa. As a result, the SWTnom fatigue parameters were also lower, resulting in longer

life predictions.
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Figure 5.9: Predicted vs. measured lives for the fatigue tests on ACSR Ibis conductors under
constant amplitude loading, considering a yield stress of 141 MPa.

The results shown in Figs. 5.6 and 5.9 indicate that the life predictions for the CAL tests

are affected by the yield stress that is used as an input to the FE simulations. This motivates a

further evaluation of the yield stress effect for the VAL tests. To this end, new FE simulations

of the VAL tests were performed using a yield stress of σy = 141 MPa for the AA1350 wires.

Fig. 10 shows a comparison between the predicted and measured lives. It can be seen that

most of the predicted lives are within factors of 3 of the measured lives, which is similar to

the accuracy obtained when a yield stress of σy = 165 MPa was used (refer to Fig. 5.7). It

is also noted that the FE simulations with σy = 141 MPa provided longer life predictions

and a more accurate representation of the loading sequence effect on the fatigue failure of the

conductor. In general, the predicted lives for the high-low sequence tests were approximately

70% longer than for the low-high tests, which is in better agreement with the test data than

the predictions obtained with σy = 165 MPa. For this reason, the following analyses will be

performed considering only the simulations with a yield stress of 141 MPa.

126



Pr
ed

ic
te

d 
Li

fe
 (C

yc
le

)

105

106

107

108

 

Measured Life (Cycle)
105 106 107 108

High-low
Low-high

Factor of 3

σy = 141 MPa

Figure 5.10: Predicted vs. measured lives for the fatigue tests on ACSR Ibis conductors under
variable amplitude loading, considering a yield stress of 141 MPa.

The life prediction methodology used in this study is based on Miner’s rule, which does

not directly take into account the effect of the loading sequence on fatigue damage. Despite

that, longer life predictions were obtained for the tests with a high-low sequence, as seen in

Fig. 5.10. This indicates that the loading sequence affects the axial stresses in the conductor’s

wires that are obtained from the FE simulations. To further investigate how the axial stresses

are affected by the loading sequence, a mapping of the SWTnom parameter on the AA1350 wires

of the conductor was carried out. To facilitate the evaluation of the loading sequence effect, the

VAL test conditions presenting the greatest difference between the high and low blocks were

considered. Thus, the SWT distribution mappings for the low-high test with Yb1 = 0.90 mm

and Yb2 = 1.39 mm, and for the high-low test with Yb1 = 1.39 mm and Yb2 = 0.90 mm were

investigated.

Fig. 5.11 shows a comparison of the mapping of the SWTnom parameter during the low

amplitude block for both test conditions. In these damage maps, each colored circle represents

an inner or outer cross-section node of an AA1350-H19 wire of the ACSR Ibis conductor. The

x-axis indicates the distance of the node from the clamp center, while the y-axis indicates its

angular position. The color of each circle represents the value of the SWTnom parameter in the

node, according to the scales shown. Note that in test condition 1, the low amplitude block
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is applied first, while in test condition 2, it is preceded by a high amplitude block. Thus, the

comparison between these damage maps allows us to evaluate how the high amplitude block

affects the distribution and values of the SWTnom parameters of the low amplitude block in the

high-low test. In this regard, it can be seen that the distribution of the SWTnom parameter was

very similar for both test conditions. The values of the SWTnom parameter were generally lower

for the nodes located between the clamp center and the keeper edge (KE) and higher for the

nodes located ahead of the KE. Furthermore, the nodes with the highest SWTnom parameters in

each layer were located near the top or bottom parts of the conductor, and near the last point of

contact (LPC) between conductor and clamp. It is also noted that the maximum values of the

SWTnom parameter in each layer were slightly higher in test condition 1 than in test condition 2.

Therefore, it can be concluded that, in a high-low sequence test, the high amplitude block causes

the axial stresses in the wires to decrease during the low amplitude block without significantly

changing the stress distribution.
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Figure 5.11: Mapping of the SWTnom parameter at the AA1350-H19 wires during the low
amplitude block for the tests under: low-high sequence with Yb1 = 0.90 mm and Yb2 = 1.39
mm, and high-low sequence with Yb1 = 1.39 mm and Yb2 = 0.90 mm.

Fig. 5.12 shows a similar comparison of the mapping of the SWTnom parameter between

the two selected test conditions, with emphasis on the high amplitude block. In test condition

1, the high block is preceded by a lower amplitude block, while in test condition 2 it is applied

first. Therefore, comparing these maps allows us to assess the effects that the low block has
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on the high block for the low-high sequence test. It can be seen that both the distribution and

the values of the SWTnom parameter along the wires are very similar for both test conditions. It

can therefore be concluded that, in the low-high sequence test, the initial block does not have a

significant effect on the axial stresses in the wires during the second block.
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Figure 5.12: Mapping of the SWTnom parameter at the AA1350-H19 wires during the high
amplitude block for the tests under: low-high sequence with Yb1 = 0.90 mm and Yb2 = 1.39
mm, and high-low sequence with Yb1 = 1.39 mm and Yb2 = 0.90 mm.
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Figs. 5.11 and 5.12 show that the loading sequence can affect the axial stresses in the

conductor wires estimated by the FE simulations. This includes the stresses in the critical node,

i.e. the node with the highest value of the SWTnom parameter. In all test conditions simulated,

the critical node corresponded to an inner node of an outer layer wire, located at a distance of

67 mm from the clamp center (indicated by the number 1 in Figs. 5.11 and 5.12). To further

evaluate how the loading sequence affects the axial stress in the critical node and, consequently,

the fatigue failure of the conductor, the axial stress history of the critical node was extracted

from the simulations for each of the four loading conditions applied in the VAL tests.

Fig. 5.13 presents the extracted axial stress histories, as well as the values of the stress

amplitude σax, maximum stress σmax, and SWTnom parameter for each loading block. Comparing

test conditions 1 and 2, it can be seen that the stress amplitude of the low block is the same,

while the maximum stress is higher for test condition 1. This result suggests that, in a high-low

test, the first loading block causes a slight reduction of the mean axial stress in critical node

during the second block. On the other hand, the amplitude and maximum value of the axial

stress are the same for the high amplitude block, which shows that, in a low-high test, the first

block has no effect on the stresses of the second block. These results explain why longer life

predictions were obtained for the tests under high-low sequence. The same conclusions can be

obtained when comparing test conditions 3 and 4.
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Figure 5.13: Axial stress history at the critical node for the tests on ACSR Ibis conductors under
variable amplitude loading.

5.4.4 Failure analysis

The life prediction methodology was also evaluated regarding its capability to predict

the regions of wire breakage for the VAL tests. For this failure analysis, the locations of the

wire breaks reported in (Murça, 2011) were compared to those predicted by the methodology,

with the results being summarized in Fig. 5.14. Each broken wire was identified by its axial

position and its placement within the cross section of the conductor. The axial position was

defined as the longitudinal distance between the position where the wire broke and the center

of the suspension clamp. Regarding the placement within the cross section, wire breaks were

classified as external or internal, depending on the layer in which they occurred, and as top or

bottom, depending on which half of the cross section they took place.
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Figure 5.14: Comparisons between the locations of the wire breaks observed experimentally
and those predicted by the methodology.

As shown in Fig. 5.14, the wire breaks in the VAL tests occurred at distances of 52 to 66

mm from the clamp center, which corresponds to the region located between the keeper edge and

the last point of contact between conductor and clamp. The average distance between the wire

break and the clamp center was similar for the tests under high-low and low-high sequences,

indicating that the loading sequence does not have a significant effect on the axial position of the

wire breaks. The numerical methodology also indicates that the wire breaks take place inside

the suspension clamp, at a distance of about 67 mm from the clamp center. Note that that there

is practically no dispersion in the numerical results, with nearly identical values being obtained

for the maximum and minimum distances between the wire breaks and the clamp center. These

results are expected, since the beam elements used to model the wires have a length of 10 mm,

which limits the resolution in the prediction of the failure location. Despite these limitations, it

is worth mentioning that the axial positions of the wire breaks predicted using the methodology
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are within 10 mm of the average distances observed experimentally.

Regarding the distribution of wire breaks among the conductor layers, Fig. 5.14 shows

that none of the simulations predicted the occurrence of wire breaks in the "external top"region,

which is in agreement with the experimental results. The proportion of wires that broke in the

external layer was higher for the tests under high-low sequence than for those under low-high

sequence. The methodology accounted for this effect, but overestimated the number of wires

that broke in the outer layer. In the fatigue tests, a significant percentage of the wire ruptures

occurred in the upper half of the internal layer of the conductor, while the methodology did

not predict wire ruptures in this region. The discrepancies between experimental and numerical

results may be related to the simplifications assumed for the fatigue damage analysis of the

conductor-clamp system. Note that the SWTnom parameter used to determine the wire breaks

was calculated using the axial stresses in the wires, while the contact forces were not taken into

account. Additionally, it was assumed that no fatigue damage is produced when the maximum

axial stress in the wire is compressive, which might not correspond to the experimental results.

Despite these simplifications, it is noteworthy that the model was able to predict that the region

of the conductor in contact with the clamp body is more critical to failure than the region in

contact with the keeper, and that the loading sequence affects the distribution of wire breaks

among the conductor layers.

5.5 Conclusions

In this paper, a life prediction methodology for overhead conductors was extended to

variable amplitude loading conditions. The methodology relies on a finite element 3D model

of the conductor-clamp system and two master fatigue curves, obtained from test data of wires

under plain and fretting fatigue. The methodology was evaluated using fatigue test data of

ACSR Ibis 397.5 MCM conductors under constant and variable amplitude loading. The main

findings are summarized as follows:

(1) For the fatigue tests under constant amplitude loading (CAL), most of the life estimates

were within a factor of 3 of the measured lives. This level of accuracy was similar to those
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obtained in previous studies, in which the methodology was applied to fatigue test data of

AAAC 900 MCM and ACSR Tern conductors. These results show that the methodology

can be applied to different types of conductors and loading conditions.

(2) For the fatigue tests under variable amplitude loading (VAL), most of the predicted lives

were within factors of 3 of the measured lives, regardless of the loading sequence applied.

The accuracy of the life predictions was similar to that obtained for the tests under CAL,

which shows that the methodology can be successfully extended to VAL conditions.

(3) The predicted lives of the tests under high-low loading sequence were longer than those of

the tests under low-high sequence. These results are in accordance with the experimental

data, indicating that the methodology can take into account the loading sequence effect

on fatigue life.

(4) The methodology predicted the location of the fatigue critical region in good agreement

with the experimental results. For the VAL tests, the methodology correctly predicted

that all wire breaks would take place inside the suspension clamp, that the region of the

conductor in contact with the clamp body is critical for fatigue failure, and that the loading

sequence can affect the distribution of wire breaks within the conductor layers.
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6 Conclusions

6.1 Summary of the main contributions

This thesis focused on the development of new fatigue life prediction methodologies for

overhead conductors and their wires by means of experimental and numerical investigations.

The main findings from the thesis were organized as three research papers. The first two (Chap-

ters 3 and 4) were focused on the life prediction of wires under fretting fatigue, while the third

paper (Chapter 5) was concerned with the durability of the conductor-clamp system. The main

contributions from each part of the study are summarized as follows:

In Chapter 3:

• Production of new test data of 1120 aluminum alloy (AA) wires under fretting fatigue,

plain fatigue, and monotonic tension.

• Evaluation of the crack initiation and propagation behaviors of V-notched and fretting

wire specimens of AA1120 by examination of their fracture surfaces.

• Comparison of test data of AA1120 and AA1350 wires, showing that the former has a

higher ultimate tensile strength, and is more resistant to plain and fretting fatigue.

• Comparison of test data of AA1120 and AA6201 wires, showing that the latter has a

higher ultimate tensile strength and is more resistant to plain fatigue. However, both

materials display approximately the same fretting fatigue strength.

• Evaluation of the capability of a nonlocal fatigue criterion to predict the lives of the fret-

ting fatigue tests on AA1120 wires, showing that most predictions are within factors of 3

of the measured lives.

In Chapter 4:
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• Production of new test data of AA6201 wires under fretting fatigue and variable amplitude

loading (VAL).

• Proposal of a three-block loading history that can be used in fretting fatigue tests to re-

present the amplitude variation of the aeolian vibrations.

• Use of vibration data from an operating transmission line to define the parameters of the

fretting fatigue tests.

• Discussion on the hypothesis that low bending displacement amplitude levels may have

a more significant effect on the conductor’s fatigue damage than higher levels, as the

low amplitudes occur over a considerably higher number of loading cycles than the high

amplitudes.

• Extension of two fatigue criteria to VAL conditions: one based on the Theory of Critical

Distances and the other on a master fatigue curve.

• Evaluation of the fatigue criteria using the fretting fatigue test data, showing that both

approaches can provide life predictions within factors of 4 of the measured lives.

• Demonstration that methodologies for life prediction of wires under fretting fatigue can

be extended to VAL conditions and remain accurate.

In Chapter 5:

• Extension of a finite element-based methodology for life prediction of conductor-clamp

systems to include VAL conditions.

• Evaluation of the methodology considering fatigue test data of ACSR Ibis conductors

under constant amplitude loading (CAL) and a two-block loading history.

• Demonstration that the methodology can provide life predictions for the tests under CAL

within factors of 3 of the measured lives, which is an accuracy similar to that obtained for

the ACSR Tern and the AAAC 900 MCM conductors.
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• Demonstration that the methodology can provide life predictions for the tests under high-

low and low-high loading sequences with an accuracy similar to that obtained for the tests

under CAL.

• Evaluation of the effect of the yield stress on the life prediction of the conductor-clamp

system.

• Evaluation of the effect of loading sequence on the fatigue failure of the conductor.

• Comparison between the locations of the wire breaks predicted by the methodology with

those observed in the VAL fatigue tests.

6.2 Suggestions for future work

Based on the results of the fretting fatigue tests and finite element (FE) simulations per-

formed in this thesis, the following analyses are suggested for future studies:

• A comparative analysis could be performed between the tangential forces measured in

the fretting fatigue tests with those estimated from the FE simulations of wires in contact.

• Regarding the fretting fatigue tests, an investigation could be made on the effect of the

stress gradient caused by the contact between the wire specimen and the bearing on the

fatigue life of the wire. This could be achieved by following the same FE-based metho-

dology described in Chapter 3. However, instead of modeling the wire specimen as a

half-cylinder, it would be modeled as a complete cylinder in contact with the pad and the

bearing.

• In Chapter 3, it was observed that the AA1120 wires have lower resistance to axial fatigue

than the AA6201 wires. However, both materials have approximately the same fretting

fatigue strength. These results suggest that the resistance of an aluminum alloy wire to

fretting fatigue could be affected by the material stiffness. Future studies could further

evaluate this behavior by performing a series of fretting fatigue tests on two different

wire materials subjected to the same loading conditions and investigating the contact and
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fracture surfaces of the wire specimens. Additionally, studies could take this effect into

consideration by adding a stiffness factor into the FE-based stress analysis.

• In this thesis, an elastic-perfectly plastic material model was considered for the aluminum

alloy wires of the conductors. For simplicity, the plasticity was defined using mechanical

properties of wires under monotonic tension. Future studies could focus on improving

the FE model by obtaining cyclic stress-strain curves for the aluminum alloy wires, which

could then be used as input for the FE-based stress analyses.

• In Chapters 3 and 4 of this thesis and in previous investigations (Rocha et al., 2019;

Araújo et al., 2020; Matos et al., 2020), considerable efforts have been made to evaluate

the nonlocal fatigue criterion in terms of its accuracy for different wire materials and lo-

ading conditions. Future studies could focus on investigating other parameters that may

also affect the life of wires under fretting fatigue. For example, new studies could eva-

luate whether the criterion remains accurate when considering different wire geometries

(such as trapezoidal wires) or higher temperatures, which are closer to the usual operating

conditions of transmission lines.

• Chapters 4 and 5 considered fatigue test data of conductors and wires subjected to variable

amplitude loading conditions. In these studies, block loading histories were used as a

simplified representation of the amplitude variations of the aeolian vibrations. It could be

worthwhile to perform new fatigue tests and finite element simulations on conductors and

wires under fretting fatigue considering more realistic loading conditions, such as those

found in (Ferreira et al., 2023).

• The fatigue tests on conductors and wires evaluated in this thesis were performed under

lives of 105 to 107 cycles. However, the endurance limit typically used by power utilities

for conductors is 5 × 108 cycles. Thus, future studies could prioritize performing tests

under longer lives to evaluate if the methodologies proposed in this study remain accurate

under ultra-high cycle fatigue.
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