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The residual life of transmission line overhead conductors under conditions of fretting fatigue is an important asset management issue for electric network operators. The current industry practice for overhead conductor residual life estimation relies heavily on experimentally generated fatigue curves or rule-based expert systems. The current experiment-based methods do not consider specific conductor-clamp configurations and are based on the simple flexion model. This approach results in large uncertainties in service life predictions and are limited to a failure criterion based on the first wire failure in the conductor. Rule-based expert systems also have limited applicability since they lack physical representation of the fretting fatigue process. Given the limitations of the current methods, the objective of this work is to propose a framework that combines physics-based models and probability theory to estimate the residual life of overhead conductors considering either single or multiple wire failure criteria. To illustrate this procedure, a finite element model of a Bersfort conductor-clamp system is used to assess the contact conditions and internal stress states in the wires of the conductor. Results from the numerical model are then used to develop a fretting fatigue criterion that is a function of the contact energy dissipation mechanisms, contact stresses, and the plain fatigue resistance of the wires. Probability of failure of each contact point between wires and between wires and clamp is computed using the fretting fatigue criterion. With this information, the most probable locations of fretting fatigue failure are identified in the conductor. The predictions for the locations of failure are validated with available literature data for the same conductor-clamp configuration. Given the probabilities of failures at each contact point, the probability of failure of the conductor is derived with the Poisson binomial distribution. Fragility curves are presented for the first through the third wire failures in the conductor. The fragility curves are validated through comparisons with available literature data on the same conductor-clamp configuration. Fatigue curves are also generated from the fragility model for the first wire failure and compared against experimentally generated fatigue curves.
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INTRODUCTION
Aging of infrastructure coupled with a projected increased reliance on electric energy has been an issue of concern for electrical utilities worldwide. Overhead conductors are the major components of a transmission line network, and there has been an increased interest in estimating the residual life of the overhead conductors for improving asset management planning (Hathout, 2016; Pouliot et al., 2020). The dominant mechanisms associated with the degradation of overhead transmission line conductors are atmospheric corrosion and fretting fatigue. Among these two phenomena, fretting fatigue has received the most attention.
For conductor-clamp assemblies, field observation has shown that fretting fatigue is caused by aeolian vibrations that induce cyclic bending of the conductor and that fatigue damage is confined to the clamp/keeper where the conductor is supported (CIGRE 2010; Cloutier et al., 2006; Rawlins, 1979) (Figure 1). The cyclic motion of the conductor causes relative motions at wire-to-wire, wire-to-clamp, and wire-to-keeper contacts (Cloutier et al., 2006). The relative motion at contacts leads to the phenomenon of fretting, which is a surface degradation process that leads to the formation of surface cracks (Hills and Nowell, 1994). In the presence of tension (Hills and Nowell, 1994) and bending moment (Lalonde et al, 2018) in the wires, the surface cracks propagate through the wire leading to fretting fatigue failure.
[image: Figure 1]FIGURE 1 | (A) Typical conductor-clamp assembly with applied conductor tension (T), clamping force (FC), change in alternating bending angle (Δβ), and bending amplitude (Yb) [adapted from Lalonde et al. (2018)]. (B) Cross-section A-A of a typical conductor-clamp assembly showing the steel wires, aluminum wires, keeper and clamp configuration, and the wire numbering system.
Simplified analytical models have been developed to relate the bending amplitude ([image: image]) of vibration of the conductor at a specified distance from the last point of contact (LPC) with the clamp, to an idealized stress measure [image: image] at the topmost fiber of the conductor at the LPC (Figures 1A, 2) (Poffenberger and Swart, 1965). The idealized bending stress is defined in Lalonde et al. (2017) as:
[image: image]
[image: Figure 2]FIGURE 2 | (A) Fatigue testing bench for conductor-clamp systems [adapted from (CIGRE, 2010)]. (B) Conductor-clamp assembly showing region of maximum bending stress (Cloutier and Lalonde, 2007). (C) Simplified representation of the conductor-clamp assembly and the idealized stress or strain induced by bending amplitude Yb (Cloutier and Lalonde, 2007).
where [image: image] is the diameter of the conductor, [image: image] is the modulus of elasticity of aluminum, T is the tension applied to the conductor, [image: image] is the bending amplitude at 89 mm from the last point of contact as shown in Figure 1A, and [image: image] is the bending stiffness of the conductor defined in Cloutier et al. (2006) as:
[image: image]
where [image: image] and [image: image] are the Young modulus and moment of inertia of the ith wire. The idealized stress obtained from Equation 1 is derived under the assumption that the conductor wires act independently in the region where the conductor enters the clamp, and is modeled as a Euler-Bernoulli beam with a fixed end (Figures 2B, C) (Cloutier et al., 2006).
Based on the idealized stress model, experimental fatigue test benches, such as that shown in Figure 2A, are used to obtain experimental stress-number of cycles data [image: image] for various conductor-clamp assemblies (Cardou and Cloutier, 1990; CIGRE, 1979; Cloutier et al., 2006). Compilations of these experimental datasets have been used to derive empirical Stress-Number of cycles (SN) curves to predict first wire failures in conductors (Cloutier et al., 2006; Rawlins, 1979; CIGRE, 1979; Hardy and Leblond, 2001; and; Thomas et al., 2020). However, SN models derived from experimental test benches that rely on the idealized bending model have limited applicability due to the reliance on the idealized stress, which neglects effects associated with the clamping force and clamp/keeper. Another limitation from compiled databases is the lack of uniform testing protocols between laboratories. Finally, the tests are very expensive and time-consuming to perform, and the resulting SN curves are usually valid only for the first wire failure in the conductor.
In order to derive SN curves for multiple wire failures, Lalonde et al. (2017) modeled a conductor using 3D beam elements. However, this work did not model the clamp/keeper of conductor/clamp assembly but only the conductor was modeled, and it was assumed that the clamp/keeper can be replaced by fixed end boundary conditions. The stresses developed at the fixed end are then used to determine the number of cycles to failure from plain wire fatigue data from which first wire failure SN curves were developed. The limitation of this work is the simplification of the clamp/keeper as a fixed end boundary condition and its inability to account for the possibility of failure at multiple locations within a conductor-clamp assembly.
Models have also been proposed that focus on a single critical location for wire failure and do not account for the possibility of failure at multiple locations within the conductor-clamp assembly (Said et al., 2020; Omrani et al., 2021). In Omrani et al. (2021), a numerical model of the conductor-clamp assembly is used to identify the wire and contact with the largest contact stresses, which is assumed to be the location for the first wire failure. The state of stress obtained from the numerical model for different amplitudes of vibration is used to specify loads to be applied in single wire fretting fatigue experiments and to develop a (first-wire failure) SN curve for the conductor-clamp assembly. However, results from these single contact experiments overestimate the number of cycles at which first wire failures are observed experimentally for conductor-clamp assemblies with multiple wire–wire and wire–clamps contacts.
Considering the limitations of current models, the objective of this work is to propose a framework that combines the physically based numerical model of Lalonde et al. (2018), single wire plain fatigue data, and probabilistic models to estimate fragility and SN curves that can account for multiple contacts and multiple wire failures within conductor-clamp assemblies. To achieve this, the finite element model of Lalonde et al. (2018) for a Bersfort conductor is used to assess the fretting regimes and internal stresses at each contact. A fatigue criterion is proposed that considers the fretting regimes, internal stresses, and the plain fatigue strength of the constituent wires of the conductor. The fatigue criterion is used to rank contacts for fatigue failure and to estimate the probability of failure from plain fatigue data for a given amplitude and number of cycles. Surfaces representing the probabilities of failure of each layer in the Bersfort conductor are generated for varying numbers of cycles and bending amplitude. The Poisson Binomial distribution is then used to generate fragility curves that consider different probabilities of failure at each contact point and wire-to-wire variability in fatigue resistance, which gives fatigue life predictions for one or multiple wire failures (up to 3 in this application). The fragility curves are compared to empirical cumulative distribution functions derived from experimental data for the same conductor-clamp configuration (Levesque, 2005). The probability distribution for the number of failed wires as a function of the number of cycles is also obtained. SN curves generated from the new approach for first wire failures are also presented for the specimen conductor-clamp configuration and compared against the current available SN curves.
THE FINITE ELEMENT MODELING METHODOLOGY
A finite element model is used to reproduce the conditions of the experimental fatigue test bench used by Levesque (2005) (Figure 2). The model follows the procedure of Lalonde et al. (2018), which uses quadratic 3D Timoshenko beam elements (10 mm in length) for the wires, and quadratic rigid shell elements (2.5 mm in length and width) for the clamp and keeper. The wire–wire, and wire–clamp/keeper contacts are modeled using line-to-line and line-to-surface contact elements in the ANSYS® system. Lalonde et al. (2018) have demonstrated that the beam model can accurately reproduce the strains measured experimentally in the wires of the Bersfort conductor-clamp assembly.
In this work, the conductor-clamp assembly modeled is a Bersfort conductor-clamp as shown in Figure 3. A cross-section of the conductor is shown in Figure 1B and the length of the conductor is 1,600 mm. Additional geometric details on the conductor-clamp assembly can be found in Lalonde et al. (2018) and Goudreau et al. (2010). The finite element mesh of the conductor-clamp assembly and contact elements are shown in Figure 4.
[image: Figure 3]FIGURE 3 | Geometric representation of the Bersfort conductor-clamp system.
[image: Figure 4]FIGURE 4 | (A) Finite element mesh of the Bersfort conductor-clamp assembly showing the beam and rigid shell elements. (B) Line-to-line contact between the conductor wires of the same layers modeled with slave element CONTA177 and master element TARGE170. (C) Line-to-line contact between the conductor wires of different layers modeled with slave element CONTA177 and master element TARGE170. (D) Line-to-surface contact between the layer 4 wires and the keeper/clamp.
The material properties of the conductor wires are listed in Table 1. The core is a steel wire in the center of the conductor (Figure 1B). The layer numbering and wire numbering are also shown in Figure 1B. The coefficient of friction is 0.3 for steel-to-steel contacts and 0.9 for aluminum-to-aluminum and aluminum-to-steel contacts (Lalonde et al., 2018; Omrani et al., 2021).
TABLE 1 | Characteristics of the Bersfort conductor (Lalonde et al., 2018).
[image: Table 1]The beams are modeled as linear elastic elements with large displacement and rotation capabilities. The linear elastic assumption has been shown to provide fretting fatigue life predictions for aluminum wires that are in agreement with experimental fatigue life observations (Rocha et al., 2019; Said et al., 2020).
LOAD APPLICATION AND SEQUENCING SCHEME
The loading sequence of the Bersfort conductor finite element model follows the experimental procedure established in Levesque (2005) who tested Bersfort conductors with the fatigue test bench shown in Figure 2, and is similar to the sequence used by Lalonde et al. (2018) in their numerical model. For the load application to the model, the nodes of the beams at the passive end of the conductor are coupled to a master node located at the center of the conductor using Multiple Point Constraints (MPC) (Figure 5). The nodes of beams at the active end (Figure 5) are similarly coupled to a master node at the center of the conductor. For the clamp/keeper, all the nodes are coupled using rigid MPC. For the clamp, all nodal degrees of freedom (DOF) are fixed for displacements and rotations. For the keeper, all rotation and displacement are fixed except for the displacement in the y-direction.
[image: Figure 5]FIGURE 5 | Loading sequence of the Bersfort conductor-clamp assembly [adapted from Lalonde et al. (2018)].
The first step of the loading protocol is to incrementally apply an initial tension [image: image] at the passive end of the conductor at an angle [image: image] relative to the horizontal while the active end of the conductor is restrained for all 6 DOFs (Figure 5). At the end of step 1, the passive end is fixed at its current position and the z-direction and y-direction displacement DOF at the active end is released; this is followed by the application of the conductor tension [image: image] at the master node of the active end at an angle [image: image] (step 2 in Figure 5). During the loading steps 3 and 4, the conductor tension at the active end is increased from [image: image] to [image: image]. The effect of the clamping force is simulated by introducing a force [image: image] in the y-direction on the keeper master node in loading step 5. Once the clamping force is completely applied, it is replaced by the displacement induced by [image: image]. The loading steps 6 to 10 consist in cycling the angle of the active end of the conductor with tension T by [image: image] to induce a displacement [image: image]. The value of [image: image] is specified to match the target bending amplitude [image: image]. The loads and angles corresponding to the experimental setup are provided in Table 2. Additional details can be found in Lalonde et al. (2018) and Levesque (2005).
TABLE 2 | Applied boundary conditions in finite element model (Lalonde et al., 2018).
[image: Table 2]CONDUCTOR FATIGUE MODEL
Model Formulation
Fretting fatigue analysis for a single contact can be performed by specifying displacement and force boundary conditions on the two bodies in contact, a plain fatigue model, and a procedure to define an equivalent stress state that is related to the fretting fatigue potential. This approach has been followed by Redford et al. (2019) and Rocha et al. (2019) in the assessment of fretting fatigue failure for a wire/clamp and two wires in contact at a single contact point. However, for a multiple contacts system such as a conductor, it has been shown that contacts are subjected to at least three different fretting regimes—sticking regime, mixed fretting regime, and gross slip regime (Zhou and Vincent, 1995) and that the analysis must first determine if a contact is in a fretting regime that leads to crack initiation and propagation. This state introduces an additional criterion for the analysis of conductor fatigue in comparison to single contact fretting fatigue.
In the proposed methodology, a criterion is proposed that considers both the tangential force Q(t) and sliding distance [image: image]. This criterion is based on the energy dissipated E at the contact and is given by:
[image: image]
Where t is a time tracking parameter. A plot of [image: image] against u(t) illustrates the various fretting regimes (Figure 6). In these figures, the axial position of contacts is:
[image: image]
where [image: image] and is the last point of contact determined by Levesque (2005). A negative value of the axial position indicates that the contact is within the clamp while a positive value indicates that the contact is outside the clamp.
[image: Figure 6]FIGURE 6 | Examples of fretting regimes indicated by the plot of Q(t) against u(t) when the conductor goes through β0 ± Δβ for a bending amplitude of 0.75 mm. (A) Mixed fretting regime on a layer 4 to layer 3 contact. (B) Mixed fretting regime on a layer 4 to clamp contact. (C) Sticking contact on a layer 4 to layer 3 contact. (D) Gross slip contact on a layer 4 to contact.
The three fretting regimes, sticking, mixed fretting, and gross slip, as defined by Zhou and Vincent (1995) are shown in Figure 6. The fretting regimes are defined by the energy dissipation curves for contacts between wire-to-wire and wire-to-clamp in conductor-clamp assemblies. The characteristic behaviors of the energy dissipation curves of these fretting regimes are given in Degat et al. (1997) and summarized as follows: The mixed fretting regime has a closed energy dissipation curve of elliptical shape, small or large tangential force, and short sliding distance (Figures 6A, B). The sticking regime is characterized by a closed loop energy dissipation curve in the shape of a line and large tangential force (Figure 6C). The gross slip is characterized by an open energy dissipation curve (often rectangular), small tangential force, and large sliding distance (Figure 6D).
The fretting regime is combined with the stress-based Smith-Watson-Topper (SWT) criteria to formulate the conductor fatigue criteria as:
[image: image]
where [image: image] represents the Smith-Watson-Topper criteria of the wire contact at a given bending amplitude, and the SWT is defined in Rocha et al. (2019) as:
[image: image]
where [image: image] is the stress amplitude and [image: image] is the maximum stress in a loading cycle. The SWT is a tension-based fatigue criterion. From the 3D beam model, the stress range [image: image] and maximum stress [image: image] are obtained as:
[image: image]
[image: image]
where [image: image] is the maximum principal stress at the beam nodes.
The values of [image: image] obtained from the FE analysis are shown in Figure 7 for a bending amplitude of 0.75 mm for different wires (layers) in the Bersfort conductor-clamp assembly.
[image: Figure 7]FIGURE 7 | Distribution of maximum principal stresses (in MPa) for a bending amplitude of 0.75 mm. (A,C,E) β0 + Δβ and (B,D,F) β0 − Δβ.
In the following section, the fatigue resistance of a wire to plain fatigue for a given number of cycles Ni is defined through the Smith-Watson-Topper criteria [image: image] and is estimated from rotating bending data provided in Kaufman (2008) for aluminum wires. A Basquin-type stress–life relationship is used to describe [image: image], and it is assumed that [image: image] follows a lognormal distribution with mean [image: image] and standard deviation [image: image], which are defined as (Pascual and Meeker, 1997; Babuška et al., 2016):
[image: image]
[image: image]
where [image: image] is the probability distribution function. The parameter vector of the model [image: image] is estimated by the method of maximizing likelihood [image: image] (Figure 8). The function G(E) defines the type of fretting regime as:
[image: image]
[image: Figure 8]FIGURE 8 | Fatigue data obtained from Kaufman (2008) and the fitted fatigue model.
This indicator function follows from experimental observations that the mixed fretting regime is the most critical for fretting fatigue in conductors (Zhou and Vincent, 1995). This function excludes other contacts that are not in this regime from the analysis. The value of [image: image] for which a contact transitions from one regime to another is difficult to define precisely and relies on heuristics, such as the shape of hysteresis curve to assign values to [image: image] (Figure 6). Ideally, all types fretting regimes should be considered. Both the sticking and gross slip regimes can lead to crack initiation as shown in Zhou and Vincent (1995); however, the cracks do not propagate in the gross slip regime and do not lead to fatigue failure. In the case of the sticking regime, cracks can propagate to failure but typically this occurs for a number of cycles much larger than for the mixed fretting regime and can be ignored for a failure criterion based on a small number (<4) of wire failures.
In the following, only contacts between wires of different layers or between wires and the suspension clamp are considered for fretting fatigue. Contacts between wires on the same layer have much lower normal and tangential forces and are much less likely to be locations for the initiation and propagation of fretting fatigue failure. Considering the two contacts at the top and bottom of a wire segment discretized with a beam element m, the probability of failure of the wire segment for [image: image] cycles at an amplitude yb is:
[image: image]
The probability of failure of k wires within the conductor-clamp assembly can then be expressed as:
[image: image]
where [image: image] is the set of size [image: image] of all combinations of k failed wires that can be formed from the set of n contact points within the conductor/clamp assembly, A is the set of contact points where fretting fatigue failure occurs, t are members of A, [image: image] is the set of contacts points that do not fail in fretting fatigue, and j are members of [image: image]. This equation is the Poisson binomial distribution described in Wang (1993) and provides the probability of obtaining exactly k wire failures at a given number of cycles. The failure of a conductor can then be defined as the first wire failure or by specifying the number of multiple wire failures. Assuming that failure of a conductor is defined when k (or more) wires have failed, the probability of failure of the conductor is evaluated as,
[image: image]
Equation 14 considers both the top and bottom contacts acting on a wire segment. For 3D beam finite elements, the maximum principal stress [image: image] occurs at either the top or bottom contact since bending stresses predominate as shown by Lalonde et al. (2018). In consequence, only the contact with the maximal principal stress is considered in Equations 13, 14.
Since the finite element model is formulated for a specific position of the cable in contact with the clamp, contact points are spaced at 10-mm intervals in the axial direction and the angular position at 16° intervals as shown by the black dots in Figure 7. The results from experimental tests can correspond to locations of contacts that vary within this range. Since analyses cannot be performed to reproduce the exact conductor-clamp configuration of each experiment, a procedure based on interpolating the [image: image] is used instead. The interpolation procedure averages stresses locally as a function of axial position d and angular position [image: image] through a Gaussian kernel function with parameters [image: image] as:
[image: image]
[image: image]
where [image: image] is the number of nodes from which the maximum principal stresses are extracted from the finite element model; [image: image] and [image: image] are the axial and angular positions of the node j.
The estimates of [image: image] and [image: image] are obtained by maximizing the likelihood of the observed failures given the number of cycles and location of failure:
[image: image]
where [image: image] is the likelihood function, [image: image] is obtained from Eq. 6, [image: image] is the set of observed first wire failures given [image: image] (0.75 and 0.6 mm), ([image: image]) is the position of the failure wire, Nj the number of cycles at failure, and [image: image] is the probability distribution of SWT from plain fatigue wire data given failure occurs at N cycles (Eqs 9, 10).
Procedure for the Derivation of Fragility Curves
This section summarizes the steps in the procedure for deriving fragility curves (Figure 9). First, the finite element model of the conductor-clamp assembly is formulated in ANSYS finite element program. In step 2, the maximum principal stress at the top or bottom contact of each wire element is obtained. In step 3, the tangential force and sliding distance at the contact with the maximum principal stress are obtained from the FE model to define the fretting regime (Figure 6). This is followed by step 4, where [image: image] is evaluated using Eq. 6. Step 5 involves averaging the [image: image] values using Eq. 15 to obtain [image: image]. The indicator function G(E) (Eq. 11) is assigned to each node as a function of the corresponding fretting regime in step 6. Step 7 consists in fitting the fatigue model (Eqs 9, 10) to the plain fatigue data (Figure 8) to obtain [image: image]. In step 8, the indicator function G(E) and the [image: image] are used to obtain the probability of failure for each beam element (Eq. 12). Finally, in step 9, the probability of k wire failures in the conductor is computed using the Poisson binomial distribution given by Eqs 13, 14.
[image: Figure 9]FIGURE 9 | Flow chart for developing conductor-clamp assembly fragility curve.
The procedure from step 8 to step 9 is repeated to evaluate the probability of failure for the desired range of number of cycles ([image: image]–[image: image]).
Model Validation and Discussion
Validation of the framework is done by first comparing the predicted [image: image] and indicator function G(E) from the FE model to observed failure locations reported in Levesque (2005). Next, the empirical cumulative distribution function (ECDF) of the fatigue life for a given number of wire failure is compared against the predicted cumulative distribution function (CDF) generated by the Poisson binomial distribution given in Eq. 14.
For bending amplitudes of 0.75 mm, only 13 of the experiments report the location, order of wire failure, and number of cycles to failure (39 events for first to third wire failures), while 15 experiments report the same for an amplitude 0.60 mm. Two additional experiments providing the first wire failure for bending amplitudes of 0.4 and 0.5 mm are also available.
In application of the framework, the number of potential failure points are limited to the region within the clamp. Thus, checking for failure is restricted to the region between the last point of contact (LPC) and the keeper edge (KE). It has been shown that this is the critical region for failure in conductor-clamp assemblies by Levesque (2005) and Zhou et al. (1994).
A comparison of the spatial variation of [image: image] for a bending amplitude of 0.75 mm (Figures 10A–C) against the locations of observed wire failures in the experiments by Levesque (2005) shows good agreement and demonstrates that the FE model can correctly identify regions susceptible to wire fatigue failure in the conductor-clamp assembly. For the third wire failures in layer 3 (Figure 10D), high values of SWT are not as well correlated with wire failure locations; however, this can be explained by the observation that the mixed fretting regime occurs at contacts in the lower part of the conductor where wire failures are most likely to occur (Figures 11B,C). This observation highlights the importance of considering both the [image: image] fatigue parameter and the fretting regime to predict fatigue failure in conductor-clamp assemblies and distinguishes the proposed approach from the current practice that only considers the fatigue parameter.
[image: Figure 10]FIGURE 10 | Location and number of cycles of Experimental Observation of Levesque Levesque (2005): (A) first wire failure, (B) second wire failure, (C) third wire failure on layer 4, and (D) third wire failure on layer 3; all for a bending amplitude of 0.75 mm. Indicated number of cycles are in millions (106).
[image: Figure 11]FIGURE 11 | Indicator function G(E) for (A) layer 4 to clamp contacts, (B) layer 4 to layer 3 contacts, (C) layer 3 to layer 2 contacts, and (D) layer 2 to layer 1 contacts.
Furthermore, the LPC from the experiment of Levesque (2005) and that from the numerical model shown as a black double head arrow and a broken double head arrow in Figures 10, 11 show some difference. This difference in the location of the LPC between the model and experimental setup has been attributed by Lalonde et al. (2018) to plasticity effects that are not included in the numerical model. Indeed, it has been noted that the Timoshenko beam theory exhibits a stiffer response when in contact with a surface as compared with a full elasticity solution (Essenburg, 1975; Gasmi et al., 2012; Naghdi and Rubin, 1989). Nonetheless, the analysis provides estimates of the spatial variation of stresses that are sufficiently precise for the purpose of the fatigue analysis of multi-body systems such as conductors (Lalonde et al., 2018; Omrani et al., 2021).
Figure 12 shows the SWT distribution for other bending amplitudes. The [image: image] of Figure 12 and the wire fatigue resistance [image: image] are substituted in Equation 12 to obtain the probability of failure for each contact point. The results are shown as probability contour plots for the wires of layer 4 at bending amplitudes of 0.75, 0.6, 0.5, and 0.4 mm, respectively, in Figures 13, 14. For the case where the bending amplitude is 0.75 and 0.6 mm, the probabilities of failures are governed by the wires at the bottom in layer 4 for number of cycles [image: image]. However, as the number of cycles increases to [image: image], the probability of failure at the top of the conductor increases. In the case of lower bending amplitudes of 0.5 and 0.4 mm, the increment in size of the region of failure is less with the increasing number of cycles as compared to higher amplitudes. This shows that, for lower amplitudes, the number of wires at risk of failure is smaller.
[image: Figure 12]FIGURE 12 | Maximum SWT distribution on the wires of layer 4 of the Bersfort conductor. (A) bending amplitude of 0.75 mm. (B) bending amplitude of 0.6 mm (C) bending amplitude of 0.5 mm (D) bending amplitude of 0.4 mm. Units of the SWT are in MPa.
[image: Figure 13]FIGURE 13 | Probability of failure for the wires in layer 4 of the Bersfort conductor at a bending amplitude of 0.75 mm (A–C) and 0.6 mm (D–F).
[image: Figure 14]FIGURE 14 | Probability of failure for the wires in layer 4 of the Bersfort conductor at a bending amplitude of 0.5 mm (A–C) and 0.4 mm (D–F).
Given the probabilities of failure for each contact point [image: image] and the fretting indicator function G(E), the probability of failure of the conductor can be obtained by using Equation 14. The results of these computations are fragility curves shown in terms of the cumulative distribution function (CDF) of [image: image] in Figures 15, 16 for bending amplitudes 0.75, 0.6, 0.5 and 0.4 mm, respectively. The plots are shown for the first, second, and third wire failures.
[image: Figure 15]FIGURE 15 | Fragility curves for the Bersfort conductor-clamp assembly. (A–C) Bending amplitude of 0.75 mm. (D–F) Bending amplitude of 0.6 mm.
[image: Figure 16]FIGURE 16 | Fragility curves for the Bersfort conductor at a bending amplitude of (A) 0.5 mm and (B) 0.4 mm.
To validate the predicted fragility CDF, the empirical cumulative distribution functions (ECDF) for the experimental data in Levesque (2005) on the same Bersfort conductor are also presented. For the bending amplitudes 0.75 and 0.6 mm for which a reasonable amount of experimental data is available, the CDF compares well with the ECDF for the first, second, and third wire failures.
For a bending amplitude of 0.6 mm, the fragility curves given in Figures 15A–C show that there are outliers in the experimental data presented in Levesque (2005). The cause of these outliers is not known and may possibly be due to different experimental conditions.
Different models, exclusively derived from experimental data, such as the CIGRE Safe Border Line (CSBL) (CIGRE, 1979), the EPRI dataset (Cloutier et al., 2006), the safe limit of Hardy and Leblond (2001), and the confidence interval of Thomas et al. (2020), have been proposed for the fatigue resistance of overhead conductor-clamp systems for first wire failure. The stress–life predictions derived from the numerical model are compared to these empirical models in Figure 17. The SN curve for the numerical model is obtained by computing the quantile of the Poisson Binomial distribution for the first wire failure as:
[image: image]
where the values of the probability [image: image] are {0.05, 0.5, 0.95}, which represents the fifth, 50th, and 95th fractiles of the SN curve and k = 1. SN curves for second and third wire failures can also be generated by using k = 2 and k = 3.
[image: Figure 17]FIGURE 17 | A comparison of the stress–life curves derived from the proposed framework for first wire failure with previous models. All black data points are from Cloutier et al. (2006) except otherwise stated.
For large amplitudes (0.75 mm), the median predicted life from the proposed model is close to the median curve proposed by Thomas et al. (2020). It is also noted that the CIGRE-CSBL is not a safe border line since it is above the 5% probability of failure predicted by the new model. Such a limitation of the CIGRE-CSBL has also been noted by Hardy and Leblond (2001). The results of the new model also show that the safe limit of Hardy and Leblond (2001) is also above the 5% probability of failure predicted by the new model and the model of Thomas et al. (2020).
It is also noted that the 95% confidence interval for the new model is narrower than the interval proposed in Thomas et al. (2020). This can be explained by the fact that conductor fatigue data in Cloutier et al. (2006) used by Thomas et al. (2020) include data using different experimental conditions and conductor-clamp types and configurations on the basis of idealized stress model.
In addition to the fragility curves and SN curves, the expected value and variance of the number of failed wires β as a function of number of cycles can be obtained (Wang, 1993):
[image: image]
[image: image]
The conditional mean and variance of Eqs 19, 20 are compared to observed values in Table 3.
TABLE 3 | Comparison of predicted number of wire failures against experimental observation.
[image: Table 3]The information in Table 3, can be used to supplement the fragility curves by considering both a target probability of failure for a conductor and an allowable number of wire failures for the conductor-clamp system. However, more data are needed to validate Equations 19, 20 for lower amplitudes.
CONCLUSION
A methodology for the derivation of fragility curves for electric overhead conductor-clamp systems has been presented. First, a finite element model of the conductor-clamp assembly is used to evaluate the contact stresses and fretting regime at all contact points between wires and between wires and clamp for a given amplitude of displacement. The state of stress at each contact is used to evaluate a fretting fatigue criterion based on the SWT and the potential for a mixed fretting fatigue regime that is most conducive to failure. For contacts that are characterized with a mixed fretting regime, the probability of failure as a function of number of cycles is evaluated as a function SWT by considering the distribution of SWT at failure as a function of number of cycles for fatigue data obtained from single aluminum wires. The probability of failure of the conductor as a function of number of cycles is then evaluated by considering a single, two, or three wires as the failure criterion. The model is validated by a comparison of the predicted location of failed wires as well as the number of cycles to failure with experimental data available in the literature. The presented methodology offers the following advantages and innovations:
• The conductor is not idealized as a single entity but models the conductor fatigue failure as a system of wires;
• The model accounts for the configuration of a conductor-clamp assembly, clamp radius, clamping torque, etc.;
• It provides predictions of single and multiple wire failures and avoids or reduces the number of tests that are performed in practice to derive SN curves for each type of conductor-clamp assembly;
• Fragility curves for a Bersfort conductor are presented for up to three wire failures for any amplitude of vibration;
• The SN model derived from the proposed method has much smaller variance than current models that combine experimental results from different conductor-clamp assemblies on the basis of the simple flexion model and significantly improves the accuracy of fatigue life predictions.
The next steps for future developments of the approach are to apply the procedure to the other conductor/clamp configurations, extend the analysis to damage accumulation rules that consider a combination of cycles of vibrations of different amplitude, and investigate procedures to extend the applicability of the model for conductor failures based on larger numbers of conductor wires. However, it is unlikely that the industry would adopt such a criterion considering the current practice in addition to the significant increase in the complexity of the analysis of stress redistribution that needs to be considered.
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NOMENCLATURE
[image: image] bending amplitude at 89 mm from the last point of contact
[image: image] / [image: image] idealized stress resulting from bending amplitude
[image: image] clamping force
T conductor tension
[image: image] initial tension
β number of failed wires
β bending angle
[image: image] bending angle at passive end of conductor
[image: image] bending angle at the active end of conductor
EI bending stiffness of conductor
[image: image] elastic modulus of aluminum wire
[image: image] elastic modulus of wire i
E energy dissipated at a contact
[image: image] moment of inertia of wire i
[image: image] diameter of conductor
[image: image] diameter of wire i
[image: image] gap function between slave and master element
[image: image] axial position of wire center line j
[image: image] angular position of wire center line
N number of cycles
SN stress-number of cycles
v poisson ratio
[image: image] number of wires in layer i
[image: image] radius of slave beam element
[image: image] radius of master beam element
[image: image] stress range
[image: image] tangential force of slave node at time t
u(t) sliding distance of slave node at time t
SWT Smith-Watson-Topper fatigue criteria
[image: image] SWT value obtained from finite element model at a given bending amplitude
[image: image] SWT value obtained from plain fatigue model of aluminum wires at a given number of cycles
[image: image] probability density function of plain fatigue model of aluminum wires
[image: image] mean of the distribution of plain fatigue model of aluminum wires
[image: image] standard deviation of plain fatigue model of aluminum wires
[image: image] SWT of wire segment m
[image: image] maximum principal stress
[image: image] indicator function for fretting regimes
[image: image] indicator function for fretting regimes for wire segment m with contact at the top and bottom
ℙ(X) probability of occurrence of event X
[image: image] expectation of a random variable X
[image: image] variance of a random variable X
k number of wire failures
[image: image] two-dimension gaussian kernel with parameters [image: image]
[image: image] SWT value for a given bending amplitude at wire axial and angular position obtained from finite element model and averaged with Gaussian kernel [image: image]
LPC last point of contact between conductor and clamp
[image: image] last point of contact observed in finite element model
[image: image] last point of contact observed in experiment
KE keeper edge
PDF probability density function
EPDF empirical probability density function
CDF cumulative distribution function
ECDF empirical cumulative distribution function
MPC multiple point constraint
CONTA177 slave contact element on beam or shell elements
TARGE170 master contact element on beam or shell elements
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