Another indication that the exposed portion of the cable had attempted to twist
were the folds in the protective foil wrap near the strand/sleeve interface at each end (see
Figures 4.97 and 4.98). It is important to note that the folds in the foil follow a
counterclockwise orientation; the same direction that the cable naturally untwists. For
clarification, a picture showing a sample that did not experience this same folding of the

foil wrap is shown in Figure 4.99.

Figure 4.97: Folding of foil wrap due to Figure 4.98: Folding of foil wrap due to
cable rotation cable rotation

Figure 4.99: Lack of foil wrap
folding due to lack of cable rotation
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A great deal of additional information about the way in which each grip sleeve
failed can be obtained by looking at the slope of the force vs. displacement curves. As
can be seen in Figure 4.93, the slopes for TF-WC5-FS, TF-WC6-FS, and TF-WC7-FS
after the ‘knee’ remained constant until their failure loads were reached. This was an
indication that a catastrophic failure, rather than progressive failure due to slippage, had
occurred. This drastic failure was actually caused by a seam weld fracture between the

tensile lug and grip sleeve body (see Figure 4.100 — 4.105).

Figure 4.100: TF-WC4-FS seam weld Figure 4.101: TF-WC4-FS seam weld
fracture fracture

Figure 4.102: TF-WC6-FS seam weld Figure 4.103: TF-WC6-FS seam weld
fracture fracture
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Figure 4.104: TF-WC7-FS seam weld Figure 4.105: TF-WC7-FS seam weld
fracture fracture

It is interesting to note that of the six full scale samples that were tested, four
broke at seam welds. The most plausible explanation for the weld failure at the lower
sleeve is the natural tendency of the twisted cable to untwist when pulled. This specimen
twisting is a mechanism by which the internal torque is relieved. Before any efforts were
made to restrict the rotation of the grip sleeve, every specimen had a tendency to rotate in
a counterclockwise direction when tensile tested. Due to the thread orientation of the
tensile lugs that attach the sample to the testing apparatus, this counterclockwise rotation
caused the upper tensile lug to unscrew while the lower tensile lug remained stationary
(refer Section 4.1.3.). When a jam nut was added to the top and the lower lug was
tightened until it was flush with the lower coupling, the grip sleeves remained stationary
but this tendency to rotate did not go away. By fixing these ends, a torsional load was
created. It is believed that this torsion on the lower grip sleeve is what actually caused the
weld failures.

In order to investigate this theory, the torque generated by the untwisting of the
cable was calculated, and was then used to determine the shear stress experienced by the
lower grip sleeve. By comparing the shear stress on the grip sleeve with the shear
strength of the filler material used to create the weld, it would be possible to see if failure
due to torsion was feasible.

Based on the rotation of the samples that did not utilize jam nuts, an average

rotation at the upper grip sleeve of 180 degrees (m radians) was observed. Utilizing a
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standard Mechanics of Materials approach, this amount of rotation was found to produce
a torque of approximately 28.98 kN-m on the lower grip sleeve with a corresponding
shear stress of approximately 550.65 MPa. Due to the fact that this methodology was
based on the assumption that the copper cable was actually a solid tubular shaft, this
value is likely higher than the actual shear stress. In order to improve upon the accuracy
of this calculation, a second torque value was determined using a Mechanics of Wire
Rope approach. With this method, the moment produced by the cable could be
determined based on the load applied to the cable, the winding radius of the cable, the
number of layers that comprise the cable, the number of strands in each layer, and the lay
angle of the strands in the cable [42]. For a single layer 6 strand rope with a failure load
of 121 kN (the average load supported by the four samples that experienced weld
failures), the torque produced by the unwinding of the cable was approximately 17.18
kN-m. Utilizing the same Mechanics of Materials approach as before, the shear stress
based on this torque was calculated to be approximately 326.42 MPa. Despite the fact
that this approach accounted for the 6 strands that comprise the cable, there was no
consideration for the number of individual wires that make up the strands or the material
properties of the cable in the torque equation. Therefore, this shear stress is still likely to
be different than the actual number.

The weld joints used to connect the tensile lugs and grip sleeves on the test
samples were Gas Tungsten Arc Welded (GTAW or TIG) welded using 304 Stainless
Steel filler metal. This particular filler metal possesses a shear strength of 186 MPa and a
tensile strength of 500 MPa [43]. A comparison of these values with those calculated
above shows that the shear stress produced by the cable torque exceeds the shear strength
of the weld joint, but not its tensile strength. Based on this comparison, it is very probable
that the failure of the TF-WC4-FS, TF-WC5-FS, TF-WC6-FS, and TF-WC7-FS samples
was due to torsion.

Another factor to consider when evaluating these results is the existence of a
stick-slip mechanism (see Sections 4.1.2. and 4.1.3.) that occurred during the tensile

loading. One distinct case of this stick-slip mechanism was observed on the force versus
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displacement plot for the TF-WC4-FS, TF-WC5-FS, TF-WC6-FS, and TF-WC7-FS
samples (see Figure 4.106).
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The occurrence of stick-slip was identified based on the magnitude of the
fluctuations that were observed on the force versus displacement plot. As can be seen in
Figure 4.106, the magnitude of the oscillations remained constant with increasing axial
load for all four samples, and occurred at roughly the same load/displacement/time. This
is an indication that fatigue testing had no effect on this behavior.

In addition to the stick-slip mechanism, another unusual trend appeared on the
force vs. displacement plots of both TF-WC3-FS and TF-WC4-FS samples. This
phenomenon was characterized by a sudden drop in the axial load that was not indicative
of stick-slip. Based on a visual observation as well as a numerical calculation, it was
determined that this abrupt load decrease was the result of the upper tensile lug

unscrewing from the coupling as the specimen began to untwist (see Section 4.1.3.). In an
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attempt to combat this problem, jam nuts were installed against the upper tensile lug to
prevent this unwanted action (refer to Figure 4.77). As can be seen in Figures 4.106, this
phenomenon did not occur with TF-WC5-FS, TF-WC6-FS, or TF-WC7-FS.

4.2. Finite Element Analysis Results

Despite the fact that they were simplified in a variety of ways, the FEA models
that were used to evaluate the deformation behavior of the cable were still extremely
complex. Additionally, the Comsol Multiphysics modeling environment is difficult for an
inexperienced user to master. As a result, accurate FEA results could not be obtained.
Due to these inaccuracies, FEA results will not be included in this thesis. However, the
process that was used to develop the FEA models was accurate and could potentially be
helpful for someone else who chooses to perform a similar analysis in the future.

Therefore, the methodology will still be included.

4.3. Welding Metallurgy Results

In addition to the deformation behavior of the cable, there are several
characteristics of the weld joints that indicate grip sleeve failure due to torsion. Based on
the angle of their fracture surfaces, it can be concluded that the welds failed in shear
rather than tension. As can be seen in Figure 4.107, the fracture face is oriented at an
angle of approximately 45°, which is indicative of shear fracture [41]. The surface of a
tensile fracture would appear to be flat, or oriented at a 90° angle. Additionally, we can
see from figure 4.107 that it was the weld itself that broke and not the grip sleeve as there
is no sleeve material at the fracture surface. Since the shear strength of the weld filler

material is less than its tensile strength, this is another indication of shear failure.
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Figure 4.107: Seam weld fracture shoing 45° angle of fracture face
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Chapter 5
Conclusions and Recommendations

5.1. Conclusions

In order to evaluate the effectiveness of the TF press-fit grip sleeve, a total of
eight tests were performed on six different grip sleeve configurations. Based on the
tensile loading to failure of the preliminary sleeves, it was observed that a ~70mm grip
sleeve with a solid core and no protective foil failed at a load of 81.28 kN (18,273.15 Ibf)
by sleeve slippage. By increasing the grip sleeve length to 300mm, adding a solid rod to
the core tube, and leaving the protective foil wrap in place, the failure load under tensile
loading increased to 86.69 kN (19,489.62 Ibf) with failure due to sleeve slippage.
Utilizing this same construction, with the exception of the removal of the protective foil
wrap, the failure load under tensile loading increased to 91.35 kN (20,536.41 Ibf) through
failure due to sleeve slippage. Through slight modifications to the grip design which
included the addition of a reinforcement grip ring to each grip sleeve, the failure load
increased to 126.67 kKN (28,475.77 Ibf) under tensile loading, with failure due to a seam
weld fracture at the lower tensile lug. Having surpassed the physical limitations of the
grip sleeve attachment, three final samples were created. The only difference between
these was that the foil wrap was not removed (due to its negligible contribution to failure
load), a jam nut was placed against the upper coupling, and these samples were also
fatigue tested prior to tensile loading to failure. Based on these results, it was observed
that a 300mm TF press-fit grip sleeve with a 25.4mm wide reinforcement grip ring is
capable of supporting a 116 kN (26,000 Ibf) to 126.5 kN (28,500 Ibf) tensile load, with
little to no adverse effects from fatigue testing. Since this failure load exceeds the 8,000
Ibf load used by a Russian team to perform this same task, it can be concluded that the
press-fit grip design is capable of performing the required cable pull with a generous
safety factor.
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5.2. Recommendations

Despite our conclusion that the press-fit grip sleeve is an effective means of
pulling TF cable through conduit, there were still several observations made during the
test results that could not be fully explained; the main one being the failure of the seam
weld that joined the lower tensile lug and grip sleeve. Because two major changes were
made to the configuration before these tests were performed (fatigue testing and jam nut),
it is not possible to attribute this occurrence to either modification. In order to figure out
what was responsible for the weld failure, several additional tests need to be performed.
Two samples should be pulled to failure with a jam nut but without being fatigue tested
and two samples should be fatigue tested and pulled to failure without a jam nut.

Another trend that should be investigated is the “knee” on the force vs.
displacement plots of the TF-WC5-FS, TF-WC6-FS, and TF-WC7-FS samples. As was
previously described, these samples received two modifications that were not tested
individually. Therefore, testing these modifications separately should make it possible to

identify which one caused it.

Future testing recommendations

1) A series of additional tensile tests should be performed on a variety of sizes of
samples. For example, this research focused on 300mm grip sleeves. In order to
broaden the application of this grip sleeve design, grip sleeves of 100mm and
200mm lengths should be tested as well. Based on the results of these tests, it
might be possible to develop some sort of linear trend that could be used to help a
user of this design predict what size grip sleeve would be needed to support a
desired load.

2) A more accurate FEA model should be created to obtain better insight into the
deformation behavior of the cable. A truly accurate model could be used to
evaluate the relationship between lay length and torque and even wire/strand lay
direction and torque. Additionally, an accurate FEA model that agreed with the
experimental test results could also be used to help a user predict what grip sleeve

length would be required to achieve a desired failure load.
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Appendix A

As was described earlier, a variety of micrographs were created that focus on
several critical locations around the sample. The locations of interest were the interface
between the sleeve and strands, and three radial locations between the sleeve/strand
interface and the core of the sample. These same areas were observed at four different
locations around the circumference of the sample, each 90 degrees apart. A schematic
was created to illustrate the locations of interest (See Figure Al). In the schematic,
NSEW refer to the region, | refers to the strand/sleeve interface, and 123 refers to the
various radial locations; 1 being closest to the outside, and 3 being closest to the center or
core of the sample. The micrographs are identified based on this system. For example, a
photo of the TF-WOC1 sample at the 2" radial position in the north quadrant will be
labeled TF-WOC1-N2.

Figure Al: Legend for micrograph pictures
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Appendix B

Lower: 6,800 Ibf Lower: 16,250 Ibf
Lower: 11,500 Iof Lower: 17,125 lof
Lower: 12,800 Ibf Lower: 18,750 Ibf
Lower: 13,800 Ibf Lower: 19,000 Ibf
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Lower: 18,750 Ibf Upper: 15,350 Ibf

Lower: 18,100 Ibf

Upper: 17,500 Ibf

Upper: 18,050 Ibf

137




Upper: 18,300 Ibf Upper: 19,200 Ibf
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