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Steel cables can be employed as reinforcements in complex structures. During their use in service, they might be subjected to cyclic loadings leading to fatigue damage. This work deals with the fatigue damage evolution in steel cables used in tires, when subjected to cyclic bending loadings corresponding to some extreme in-service uses of tires. The studied cables are embedded in an elastomer matrix, as required for this application. First, a specific experimental device has been developed to test elastomer-steel cable composite specimens. In order to study damage mechanisms, specimens were observed in a bent position using X-ray tomography after fatigue testing. Crack distribution was analyzed for two distinct loading amplitudes. SEM observations of the crack initiation zones were also made to complete the analysis. Secondly, finite-element analysis was carried out. The bent cable and its matrix were simulated both with and without broken wires, in order to evaluate the impact of the first breakage on the stress distribution within the cable. Eventually, the combination of observations and simulations allowed to propose two damage mechanisms, depending on the loading severity.

Introduction

Steel cables can be employed for various applications (elevator ropes, bridges suspensions, tire reinforcements, etc...). During their use in service, cables are usually subjected to a combination of cyclic tension and bending leading to fatigue damage. Therefore, the evaluation of their fatigue behavior is an important issue to guarantee structures' integrity. Besides, the understanding of damage mechanisms at the cable scale is also an important matter, not only to propose relevant prediction tools, but also to improve cable design with respect to fatigue performance.

Most of the works that can be found in the literature about the fatigue of cable focused on tension-tension loadings or cyclic bending with constant pre-tension. Suh et al exhibited the significant influence of both stress amplitude and mean stress on the fatigue life of multi-strand cables subjected to axial loading [START_REF] Suh | Experimental study on fatigue behaviour of wire ropes[END_REF]. Kim et al observed the evolution of broken wires in a multi-strand cable subjected to a cyclic bending and a constant pre-tension, and investigated the impact of the cyclic loading on the residual tensile strength [START_REF] Kim | Bending fatigue characteristics of wire rope[END_REF]. Zhang et al studied the fatigue damage of a multi-strand cable subjected to a cyclic bending loading applied through pulleys and constant pre-tension [START_REF] Zhang | Bending fatigue behaviour of bearing ropes working around pulleys of different materials[END_REF]. In particular, they observed the spatial distribution of wire breaks along cable length, and its evolution with the number of applied cycles. In a more recent study, Zhang et al also investigated the influence of pre-broken wires on the fatigue damage mechanisms [START_REF] Zhang | Effect of broken wire on bending fatigue characteristics of wire ropes[END_REF].

The presence of pre-broken wires is found to be responsible for a significant decrease in the fatigue life, with fatigue damage concentrated on the surface of the pre-broken wires' lay length and adjacent lay lengths.

The authors attributed this localized damage to the severe wear resulting from the change of the stress state of the inner strand at the level of pre-broken wires.

In a more general way, all these works report that fatigue damage results either from fretting-fatigue or wear, in accordance with earlier studies that had already shown the importance of inter-wire contact phenomena on the fatigue damage mechanisms of cables [START_REF] Hobbs | The fatigue of structural wire strands[END_REF][START_REF] Casey | The fatigue failure of large diameter six strand wire rope[END_REF]. Many efforts have thus been made to characterize fretting-fatigue phenomenon between wires [START_REF] Zhang | Research on the fatigue and fracture behavior due to the fretting wear of steel wire in hoisting rope[END_REF][START_REF] Cruzado | Fretting wear of thin steel wires. Part 1: Influence of contact pressure[END_REF][START_REF] Wang | Effect of displacement amplitude on fretting fatigue behavior of hoisting rope wires in low cycle fatigue[END_REF][START_REF] Winkler | Fretting fatigue behavior of high-strength steel monostrands under bending load[END_REF] and to predict the resulting fatigue life of cables [START_REF] Argatov | Wear evolution in a stranded rope under cyclic bending: Implications to fatigue life estimation[END_REF][START_REF] Wang | Finite element analysis of hoisting rope and fretting wear evolution and fatigue life estimation of steel wires[END_REF]. Some authors also reported that when the contribution of the axial load is insignificant, the failure of cable results from pure fatigue damage instead of fretting-fatigue or wear-induced damage [START_REF] Kim | Bending fatigue characteristics of wire rope[END_REF], [START_REF] Winkler | Fretting fatigue behavior of high-strength steel monostrands under bending load[END_REF]. However, to the best of the authors' knowledge, there is no existing study about the fatigue damage of a cable subjected to cyclic bending without the presence of an axial load that would enhance fretting-fatigue, likely due to the limited number of applications concerned in this situation. Yet, when steel cables are used as reinforcements in tires, they might be subjected to such a loading for some specific in-service uses, when tires are running flat.

This work aims to tackle this issue, and deals with the fatigue damage mechanisms in a high strength steel monostrand cable subjected to a high cyclic bending loading. As required for tire applications, cables are embedded in an elastomer matrix, and a specific experimental device has been developed to perform bending fatigue on composite elastomer-steel cables specimens. In order to study the influence of the loading amplitude on the damage mechanisms, X-ray tomography was used to observe the spatial distribution of cracks, as well as finite-element analysis.

Experimental approach

Materials and specimens

The cable studied in this work has 19 wires wounded on 3 layers, as shown in figure 1. The layers #2 and #3 are made of wires of 175 µm diameter (Wire 1). They are winded with a pitch length of 10 mm around the layer #1, which is a straight wire of 200 µm diameter (Wire 2). All the wires are made of pearlitic steel, and coated with a thin layer of brass. They are obtained by a cold drawing process allowing to reach high mechanical properties (σ u > 2500 MPa) and very thin diameters.

The specimens used for fatigue testing are parallel steel cables immersed in an elastomer layer of 3 mm thickness (figure 2). These specimens are obtained by calendering before vulcanizing the elastomer matrix, with the cables in the middle of the specimen thickness. The presence of the elastomer impacts on wire kinematics, and is necessary to apply bending loadings that are representative of tire applications. Indeed, the presence of the elastomer around the cable tends to limit any cable opening when the bending loading is applied. Besides, the wire brass coating reacts with the elastomer during vulcanization, resulting in an adhesive bonding between the wires from layer #3 (the only ones in contact with the matrix), and the matrix.

Fatigue test procedure

A specific device was developed in order to apply a high cyclic bending loading to the composite specimens that have been previously described. This experimental set-up is shown in figure 3. The composite specimen is bent between two rigid planes. One of the planes, whose position is adjusted within a few millimeter range prior to fatigue testing, is fixed, whereas the second plane is subjected to a cyclic translation motion by means of a crank rod system. The set-up makes it possible to apply a 86 mm displacement to the second plane at a 7.6 Hz frequency, which was not possible with a hydraulic machine.

The bending loading applied to the cables can be defined by the radius R of the quasi-circle formed by the median fiber of the bent specimen, where cables are located. This quantity can be calculated using the following expression:

R = 1 2 (d -t) (1) 
where d is the distance between the two planes and t the specimen thickness. The minimum and maximum values R min and R max reached by this parameter over a cycle are respectively about 7 mm and 50 mm, the exact values depending on the position of the fixed plane. Indeed, as mentioned before, the position of the fixed plane can be adjusted within a 5 millimeter range prior to fatigue testing, resulting in modifications of both R min and R max . It was assumed that modifying R max within a few millimeter range has no significant impact on the stress distribution in wires, which are then subjected to very little stress. Therefore, in the present study, R max was considered as constant, and the severity of the bending loading was entirely controlled by the minimum radius R min , designated as R c in what follows.

During the test, the minimum distance between the two planes over a cycle is monitored with a position sensor. Considering both the uncertainty of the position of the cables in the specimen thickness and the sensor precision, the uncertainty associated with the estimation of the radius R c is less than 0.1 mm. A load cell of 450 N capacity is also employed to measure the force applied to the bent specimen with a 0.2 N precision. This measurement allows to detect cable damage, wire breakages leading to a decrease of the bending stiffness of the specimen, and therefore to a drop in the load measurement.

In order to validate this experimental device, fatigue tests have been performed for various loading amplitudes. Figure 4 provides the evolution of the number of cycles N r for which the failure of the specimen is reached, as a function of the minimum radius R c . Even if the fatigue performance appears to be very sensitive to the radius R c , the good correlation between this parameter and the fatigue life demonstrates a satisfying control of the applied loading. Besides, it can be noted that the present set-up makes it possible In order to study damage mechanisms, fatigue tests were conducted and interrupted at different stages of damage on specimens containing only one cable. The cables were then observed using X-ray tomography after fatigue testing, as described in the next section. SEM observations of the fracture surfaces of wires were also carried out after removing the wire-matrix adhesive bonding by electrolysis, and extracting the cable from the matrix.

Characterization of crack distribution

In order to determine the spatial crack distribution resulting from fatigue testing, X-ray tomography was employed. The cable to be observed is inserted in a tube, and the area of interest, prior subjected to the minimum radius R c during the test, is maintained in a bent position using 3 screws as shown in figure 5.

The bending is applied in the same direction as in the test, but with a greater radius of curvature so that no further damage is induced. By doing so, the cracks are opened in order to facilitate their detection.

It can be noted that the cable was not extracted from the matrix. Indeed, keeping the matrix allows to preserve the exact orientation of the cable as it was during the test, with the aim of comparing the damage observations with the stress distribution in wires simulated by finite elements.

The spatial resolution obtained for tomography measurement was between 5 mm and 6 mm. The wire breaks and the fatigue cracks close to final failure (cracks whose depth was greater than 50 µm) were identified for each sample. They are both designated as cracks in what follows. It is worth mentioning that the number of cracks detected in each sample was very well correlated to the load drop for which the test was interrupted (figure 6). This correlation demonstrates the relevance of using load measurements to detect cable damage.

In order to analyze the spatial distribution of damage, the crack distribution along the Z axis indicated in The latter provides a description of damage distribution along cable direction. In addition, a schematic view of a cable transverse section on which are projected the transverse position of the detected cracks was also made up for each sample.

Results

SEM observations

Figure 7 provides SEM observations of 2 damaged wires extracted from cables tested with a severe bending loading. No contact scars were observed at the level of the crack initiation sites, indicating that the damage in wires does not result from wear or fretting. As also reported in [START_REF] Kim | Bending fatigue characteristics of wire rope[END_REF], [START_REF] Winkler | Fretting fatigue behavior of high-strength steel monostrands under bending load[END_REF], these observations suggest that inter-wire contact phenomena do not play a significant role in fatigue damage mechanisms when the tension applied to cable, which is zero in the present study, is low. SEM observations also showed that fatigue cracks initiate and remain mostly contained in wire transverse sections. It can therefore be assumed that fatigue damage is driven by the longitudinal stress in wires.

However, crack bifurcation in the longitudinal direction past the first stages of propagation was sometimes observed (figure 7a). This phenomenon was already mentioned in a past study dealing with the fatigue failure of cables, and was associated with a localized bending of wires [START_REF] Casey | The fatigue failure of large diameter six strand wire rope[END_REF]. Besides, it is well known that the drawing process tends to align the pearlitic lamellae in steel wires [START_REF] Toribio | Relationship between microstructure and strength in eutectoid steels[END_REF], resulting in a failure anisotropy of the material [START_REF] Toribio | Failure analysis of cold drawn eutectoid steel wires for prestressed concrete[END_REF]. It was therefore not surprising to observe such changes in the crack paths in the present work. have approximately the same number of cracks, with 16 cracks in the cable subjected to severe bending and 19 cracks in the one subjected to moderate bending. It can be observed in figure 8a that cracks seem to be uniformly distributed within a few millimeter range along the cable direction when severe bending is applied. Crack distribution appears to be different for moderate bending, for which cracks are localized in the vicinity of one cable section in the bent area (figure 8b). In order to support these visual observations, the crack distribution along the Z axis has been calculated for 4 cables for both severe and moderate bending.

Observations of the spatial crack distribution

Figure 9 provides the mean distributions of the fatigue cracks so obtained for of each the studied loadings.

The two distributions are significantly different from each other, consistently with previous observations.

For severe bending, crack development is possible within a 8 mm range, resulting in a wider distribution than for moderate bending, for which cracks are localized near a single cable section, within a 3 mm range.

The spatial distribution of fatigue cracks within cable transverse section was also analyzed. Figure 10 shows the obtained results for 4 cables, corresponding either to severe or moderate bending. For each cable, the regions where cracks have been detected are colored, differentiating areas in the top of the cable with respect to the bending loading (in red), areas in the bottom of cable (in blue), and areas at the level of the median fiber of the cable (in green). The number of detected cracks detected is also indicated. It should be mentioned that when several cracks are in the same place on this view, they are not necessarily associated to the same wire, wires of layers #2 and #3 being helically wound. One can then note that severe and moderate bending do not lead to the same crack distribution. For severe bending, at least 65 % of the cracks are at the level of the median fiber or at the bottom of cable, whereas 45 % to 60 % of the cracks are on the top of cable for moderate bending.

Thus, all the results show that severe bending does not lead to the same distribution of fatigue cracks that for moderate bending. It can therefore be assumed that the damage mechanisms leading to cable failure are not the same for the 2 loadings. This issue is investigated in the next section by carrying finite-element analysis. 

Finite-element analysis and discussion

Analysis of the stress distribution in wires

The cyclic bending of a cable has been simulated using finite-element. In order to be consistent with the loading applied during fatigue testing, the elastomer matrix surrounding the cable has been accounted for, and 2 rigid planes have been used to enforce boundary conditions as shown in figure 11. A complete description of the model, its parameterization, and its validation against experimental measurements can be found elsewhere [START_REF] Bonneric | Finite element simulation of a steel cable -rubber composite under bending loading: Influence of rubber penetration on the stress distribution in wires[END_REF]. Though, it is to be noted that beam elements were used to model the wires, and that the elastoplastic behavior of wires has been considered.

Figure 12a shows the typical distribution of the longitudinal stresses in the middle of the specimen when the cable is highly bent. One can see that every wire is subjected to a significant bending, and that the stress varies from several thousands of MPa within wire section. The bending of wires being predominant, the following analysis only focuses on the longitudinal stresses in wires. In particular, attention is paid to the maximum longitudinal stresses at the surface of wires. In order to dispose of an appropriate scale to compare the maximum stresses from different wires, the value of the maximum stress in each wire section is attributed to the whole wire section when displaying the results. This results in a single color for each wire section on the viewing, as shown in figure 12b.

Cycles were performed between the radius's R max and R min for both severe and moderate bending. The distributions of stress amplitudes ∆σ and load ratios were computed for the bent area. Distributions were stabilized after 2 cycles. It was found that the load ratio values are contained within a narrow window between 0.05 and 0.2. Thus, in order to facilitate the interpretation of the numerical results with respect to fatigue damage mechanisms, all the stress amplitudes analyzed in what follows were normalized with respect to the fatigue resistance of wires in tension ∆σ d , assessed at 10 5 cycles for a load ratio of 0.1.

Figure 13 presents the stress amplitudes in the 3 layers of the cable for both severe and moderate bendings, and highlights the areas stressed above the fatigue limit. In addition, figure 14 shows how the stress is distributed in the cable section located in the middle of the bent area. For severe bending, it is observed that all the wires are stressed above the fatigue limit in the bent area. These results are consistent with previous observations for severe bending, where cracks were found to be distributed within a wide portion of the bent area. Moreover, the stress distribution shown in figure 14a is also in good correlation with the distribution of cracks (figures 10a and 10b). Indeed, most of the cracks are at the level of the median fiber and the bottom of the cable, which coincides with the higher stresses. A significant difference in stress between the core wire and other wires can also be pointed out. The latter is mainly due to the fact that the core wire diameter is 14 % larger than for other wires, leading to higher stresses under bending loading. This is also consistent with the previous observations of cables prior subjected to the severe bending. The latter exhibited multiple cracks in the core wire that were not observed for the other wires (figures 10a and 10b), reflecting then the difference in stress between the core wire and other wires. The very good agreement between damage observations and simulation of the bending of an undamaged cable makes it possible to conclude about the mechanism leading to cable failure for the case of a severe bending. Thus, when the bending loading is such as a large part of the bent area is stressed above the wire fatigue resistance, many cracks can initiate all along the bent area, independently from each other. The propagation of these cracks until the wires break is then responsible for cable failure.

For moderate bending, only the core wire is highly stressed above the fatigue limit all along the bent area.

The stress in other wires from layers #2 and #3 barely exceeds the fatigue limit, and only for some specific regions in middle of the bent area (figure 13b). However, as opposed to severe bending, the distribution of the stresses shown in 14b is not consistent with damage distribution, since a significant part of the cracks are on the top of the cable while this area is stressed well below the fatigue limit. Therefore, it can be assumed that crack initiation on the top of the cable only becomes possible once the first wires are broken, after a redistribution of the stresses. In order to check on this assumption, a simulation of the bending of a cable containing a broken wire have been carried out.

Influence of the first wire break on the stress distribution

Previous analysis showed that the core wire is highly stressed all over the bent area for moderate bending, whereas the stress in other wires barely exceeds the fatigue limit, and only in some specific regions. Based on simulation results, it can therefore be assumed that the first wire that is likely to break in case of moderate bending is the core wire. Besides, 2 additional fatigue tests interrupted at an early stage of damage, before any drop in the load measurement, have been performed. X-ray tomography observations of the cables then confirmed that the first wire to break is the core wire. In order to account for the first wire break in the simulation, the stiffness of a beam element of the core wire located in the middle of the bent area was set to zero. The break was introduced in the bent position after 2 cycles corresponding to moderate bending, and an additional cycle was performed with the broken wire before analysing stress distribution. Although this modelling of the wire break does not account for the separation of the two ends of the broken wires, it is assumed that it provides an acceptable description of the broken wire within the bent cable, the presence of the neighboring undamaged wires limiting the separation of the 2 broken ends. Figure 15 shows how the trajectory taken by the core wire within the bent cable is affected by the break. Although the curvature is lower on both side of the break, it is locally increased at the level of the break. This local increase in cable curvature results in a significant increase in the stress at the level of the cable section corresponding to the break. This can be observed in figure 16 that provides 3D views of the stress distributions in the cable section in the middle of the bent area obtained respectively with and without the wire break, for the case of moderate bending. One can note that the wires on the top of the cables are stressed above the fatigue limit, confirming that crack initiation is possible once the core wire is broken. Besides, it can be seen in figure 16b that this increase in stress only concerns the damaged cable section, and that the stress in wires is much lower apart from this section. This is consistent with the distribution of cracks observed with X-ray tomography for moderate bending, for which cracks were localized at the level of a single cable section.

Thus, the previous analysis of the redistribution of the stresses once a wire is broken makes it possible to clarify the damage mechanism leading to cable failure for the case of moderate bending. In a general way, when a cable is subjected to a bending such as only a few wires are stressed above the fatigue limit, only a few cracks can initiate in a first place. In a second place, the first wire breaks lead to a local increase of the curvature at the level of the damaged sections. This results in a significant increase of the stresses at the level of these sections, responsible for the initiation and the propagation of new fatigue cracks, leading eventually to cable failure.

Conclusions

The results of this work can be summarized as follows:

1. A specific experimental device has been developed to subject steel cables to high cyclic bending loadings, with the aim of reproducing some specific loadings that could be encountered for tire applications.

2. SEM observations of the fracture surfaces revealed that inter-wire contact phenomena do not induce wear or fretting-fatigue damage for these bending loadings. Instead, cable failure results from the pure fatigue damage of the wires, that are individually subjected to a high bending.

3. For the cable considered in this study, two damage mechanisms leading to cable failure were evidenced, combining X-ray tomography observations and finite-element simulations. When a severe bending is applied, such as a large part of the bent area is stressed above the wire fatigue resistance, many cracks can initiate all along the bent area, independently from each other. The propagation of these cracks until the wire breaks is then responsible for the cable failure. Cracks are then distributed within a wide portion of the bent area. When a moderate bending is applied, such as only the core wire is stressed above the fatigue limit, only a few cracks can initiate in a first place, at the level of the core wire.

Once the core wire is broken, the cable curvature locally increases, resulting in a significant increase of the stresses at the level of the damaged section. New fatigue cracks can then initiate and propagate, leading cable to failure. For such a case, as opposed to severe bending, the cracks are localized in the vicinity of the cable section where the first crack occurred.
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 1 Figure 1: Schematic representation of the geometry of the 19-wire cable studied
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 4 Figure 4: Evolution of the fatigue life with respect to the applied loading characterized by the radius Rc

Figure 5 : 3 -

 53 Figure 5: 3-point bending of a specimen for X-ray tomography observations
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 6 Figure 6: Evolution of the number of the detected cracks in specimens containing one cable with respect to load drop
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 7 Figure 7: SEM observations of damaged wires after bending fatigue testing
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 a9 Figure 8: X-ray tomography observations after bending fatigue tests
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 10 Figure 10: Projections of the fatigue cracks in a transverse cut of the cable. The red color indicates points above the median fiber (top of the bent cable); the blue color indicates the points below the median fiber (bottom of the bent cable); the green color the points at the level of the median fiber.
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 11 Figure 11: View of the simulated bent specimen
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 a12 Figure 12: Visualization of the spatial distribution of the longitudinal stresses within a transverse section of cable in the middle of the bent area
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 1314 Figure 13: Exploded view of the 3 layers of the bent cable -Display of the maximum stress in each wire section
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 15 Figure 15: Modification of the trajectory taken by the core wire after its break for the case of moderate bending
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