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Chapter

Fatigue Behavior of Reinforced

Welded Hand-Holes in Aluminum
Light Poles with a Change in Detail
Geometry

Cameron R. Rusnak and Craig C. Menzemer

Abstract

Welded aluminum light poles often contain hand-holes. These hand-holes are used
to give access for electrical wiring installation and maintenance purposes. Wind load
may cause light poles to be loaded in a cyclic manner. This cyclic loading can cause
localized fatigue cracking around the hand-hole. Fatigue failure around hand-holes
has been observed in the field, but studies surrounding the resistance of the hand-
holes are few and far between. This study included four-point bending fatigue tests on
welded aluminum poles containing hand-holes. Eight welded aluminum specimens,
each with two hand-holes, were tested in fatigue. These 16 details were loaded at
the same stress range. Each specimen had a slightly different geometry or treatment
applied to the hand hole. These different details mimicked traditional reinforced hand
holes, similar to those evaluated in previous studies. Changes in the treatment and/
or geometry included milling the inside of hole, milling the inside of the hole as well
as the cast insert prior to welding, and milling the cast insert itself prior to welding.
Among the 16 details tested, 15 failed as a result of fatigue cracking. It was found that
specimen failure would originated in the throat of the fillet weld and then proceeded
to propagate into the reinforcement ring/casting. A finite element analysis was used in
addition to the experimental study.

Keywords: fatigue test, static test, welded aluminum hand-hole details, design S-N curve,
high cycle fatigue

1. Introduction

The illumination of outdoor recreational areas, roadways, sidewalks, and parking
lots is of the utmost importance at night. To illuminate these areas, different forms
of poles are used to support an overhead light fixture. Typically, the best choice of
material for these poles aluminum due to its corrosion resistance, lightweight, ease
of joining, ease of handling and a high strength to weight ratio. Wind loads are often
the prominent force that is applied to poles and can cause localized fatigue cracking at
different areas interest [1, 2].
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Modern fatigue design utilizes a lower bound S-N curve that is typically established
from full-scale test data. Specimens usually contain some sort of stress concentration
around a point or detail of interest. Stress concentrations usually occur around connec-
tions, cutouts, keyways, copes as well as other locations [3, 4]. One possible way to improve
fatigue life would be to reduce the impact of these stress concentrations by minimizing
abrupt changes in cross-section. This may be done by providing “smooth” transitions
between parts. The fatigue behavior of electrical access hand-holes in welded aluminum
light poles is largely unknown. The majority of existing data that has been developed was
collected from full-scale welded steel poles [5]. In this study, points of interests where these
stress concentrations occur are between the pole itself and the welded hand-holes.

NCHRP report number 176 contains results from experiments conducted at
Lehigh University on both unreinforced and reinforced hand-holes in welded steel
structures. During this experiment, 13 of the specimens contained some form of
hand-hole. Different geometries were evaluated during this study. Over the course of
the experiments, none of the hand-holes cracked. To provide an estimate of the stress
concentration around the hand-holes, finite element models were created. AASHTO
Category E’ was recommended [6].

Observations have confirmed the existence of fatigue cracking associated with
different hand-holes in the field. NCHRP report number 469 describes fatigue cracks
found on welded steel structures near and around the hand-holes in several states.
These states included New York, California, New Mexico and Minnesota [7]. In Iowa,
there was a failure in a high-mast welded pole that was found to contain cracking
around the hand-hole. This failure prompted further investigation into other poles
and towers, in which multiple contained some form of fatigue cracking. Fatigue
cracking was found in welded aluminum light poles mounted on the Mullica River
Bridge after a violent storm in 2011 [8]. Figure 1 depicts a fatigue failure associated
with a hand-hole on an aluminum light pole that occurred in the field.

Figure 1.
Fatigue crack in welded aluminum light pole hand-hole.
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Twenty light poles were tested in bending fatigue at the University of Akron. Static
tests were conducted in addition to the fatigue tests in an attempt to gain a better
insight into how the strain is distributed around the handhole. The results from this
study concluded that the hand-hole fatigue test data fell above category D and E
design S-N curves [9]. In addition, the University of Akron performed a study on the
effect of a change in the diameter of the specimens, from 10 in to 8 in. It was found
that this change had a small, but slightly beneficial effect on fatigue life [9].

In comparison to the previous research conducted on the fatigue behavior of
welded aluminum light poles, the novelty of this study comes from examination of
changes to the welded hand-hole detail that have not been explored. Previous studies
[9-11] utilized an identical weld detail but with different diameter specimens. The
specimens included typical 10in diameter as well as 8in diameter poles loaded in four
point bending. The change in the detail geometry could yield a better fatigue life that
could be used in the field. During this study, eight light pole specimens, each with a
different hand-hole detail treatment or geometry, were tested in fatigue. Finite element

models were developed to improve the understanding of the stress field around the
hand-hole.

2. Experiments
2.1 Pole geometry and material properties

Eight aluminum specimens were tested under cyclic loading to examine the behav-
ior of the modified reinforced hand-hole details (Figure 2). Each of the specimens
consisted of a 25.4 cm (10 in) diameter extruded aluminum alloy tube with a 0.635 cm
(V4 in) thick wall. Each of these 6063 aluminum alloy tubes had two hand-holes with
reinforcement welded in place using a GMAW (Gas Metal Arc Welding) process with
4043 filler (Figure 2) [3, 12]. Each specimen was 3.66 m (144 in) in length, with the
hand-holes paced 1.37 m (54 in) in from each end respectively. Support rollers for the
specimens were inserted 15.2 cm (6 in) from either end.

L=3.66 m (144 in.); D=25.4 cm (10 in.); a= 1.37 m (54in.); b=15.2 cm (6 in.);

Figure 2.
The geometry of a welded aluminum hand-hole detail in four-point fatigue testing.
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Part Name Alloy Tensile Yield Strength Ultimate Tensile Strength

Tube 6063-T6 31ksi (213.7 Mpa) 35 ksi (241.3 Mpa)

Fillet Welding 4043 N/A 29.2 ksi (201.3 Mpa)

hand-hole A356-T6 20 ksi (1379 Mpa) 30 ksi (206.8 Mpa)
Table 1.

Mechanical properties of the aluminum hand-hole tubes.

Table 1 summarizes the minimum mechanical properties of the welded aluminum
hand-hole specimens [3, 12].

2.2 Geometry changes to reinforcement

Each of the eight poles contained two hand holes and each sample a different hand-
hole treatment or modified geometry. The first set of two consisted of the same welded
hand-hole detail used in the field. These hand-holes measured 150 mm (6 in) in the
longitudinal direction and 100 mm (4 in) in the transverse direction. The other groups
of poles had holes that were milled around the inside before welding, utilized reinforce-
ment castings that were milled the outside before welding or a combination of the two.
In the milling of both the hole and cast insert, only about a 6.25 mm (% in) of material
was removed. As the hand-holes are cut with a plasma process, removal of material
around the perimeter of the hole is intended to eliminate any hot — short cracking.

2.3 Fatigue tests

The fatigue setup that was used in the lab may be seen in Figure 3. A control
system with a 245 KN (55 kip) MTS servo-hydraulic actuator was utilized to apply
load to the specimens. A structural load frame capable of support 1335 KN (300 kips)
was used to mount the actuator. The specimens were loaded by a spreader beam with
supports that were rollers machined to fit the profile of the tube.

Strain gages were used to monitor strains in the specimens. They were mounted
around the hand-holes using adhesive. Tests were conducted in load control. The typi-
cal location of the strain gages on the specimen may be seen in Figure 4. Strain gage
placement was the same as the older study conducted and was taken from [9]. Strain
gage resistance was 350 ohms and were 3.175 mm (% in) in. Strains were recorded
every two hours, intermittently for 10 second using a Micro-Measurements System
8000 data acquisition device.

Specimens had their hand-hole openings facing “downward” during testing. This
was to ensure that they were in tension. Failure occurred when the maximum target
load on the specimen could not be supported. Not being able to support the target
load is an indication that cracking occurred. When a displacement over 10% of the
target was realized, the test was shut down. This 10% displacement was set in order
to ensure that the specimens would not fail catastrophically, and the damaged detail
could be repaired. This repair was in the form of a moment clamp placed over the
failed hand-hole. There was a single case where this moment clamp was unable to
repair the specimen to continue testing.

Eight poles, each with two hand-holes, were tested at a nominal stress range of 5.4
ksi (37.4 Mpa). Each of these poles were loaded between 227 kg (500 lbs) and 3402 kg
(7500 1bs) to provide a direct comparison between all tests. Strain gages were placed
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Figure 3.
Fatigue test set-up of welded aluminum hand-hole details.

12:00

Figure 4.
Typical strain gage location and position around the hand-holes.

as shown in Figure 5 and installed on the surface of the tube adjacent to the fillet weld
that joins the cast hand-hole to the tube. Strain gage placement was the same as the
older study and was taken from [9]. A strain gage was placed at the 3 and 9 oclock
positions respectively, with the addition of a gage in the middle of the specimen.
The center of the gage was placed within 2 ~ 3 times the tube thickness away from
the welding throat. The strain gages were connected to the data acquisition system to
measure the nominal stress ranges.

All of the specimens were cycled at 2 Hz and tested around the clock. Visual
inspections of the hand-holes were conducted several times daily. Of the 16 hand-hole
details tested, 15 failed.
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The position of strain gages installed around a hand-hole.

The data shown in Figure 6 reveals that changes to the weld detail do not have a
drastic effect on fatigue life. In fact, some of the changes appeared to have a negative
effect on the fatigue life. This was most prevalent in the milling of the cast insert. The
only test that appeared to have any positive effect was when the hole itself was milled.
In this case, the fatigue life was increased slightly. Figure 7 shows the compilation of
previous data compared to the change in details [11].

During testing, cracks were first observed in the throat of the fillet weld that joins
the tube to the reinforcement ring. These cracks were first observed along the minor
axis of the hand-hole at either the 3:00 or 9:00 position in Ref. to a clock. A sample of
one of these cracks may be seen in Figure 8. These cracks would normally start at the
weld root and propagate through the throat of the weld and then progress around the
handhole. Figure 9 shows an example of the crack surface after failure. Note that this

® NWD 25.4cm (As built)
® NWD 25.4cm (Milled Hole)

Stress Range (Ksd)
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Figure 6.
Fatigue test vesults of new weld hand-hole details.
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Figure 7.

New weld detail vs. old 10in data.

Figure 8.
Fatigue crack through weld throat between reinforcement and tube.

Figure 9.
Jagged crack edge.
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Figure 10.
Typical final failure of hand-hole details.

is similar to that of a previous study conducted at the University of Akron [10]. The
edges of the jagged surface appear to coincide with the weld bead ripples.

Final failure typically occurred as the crack progressed through the cast insert
near either the 11:00 or 5:00 position (Figure 10). In these cases, the fatigue cracks
spent most of the cyclic life while small. In every case there was a definite transition
from the time of the development and propagation of visible fatigue cracks within the
fillet weld throat to the final failure. In most cases, cracks would develop and progress
around the hand-hole. At this point, they would appear to stop, and only after a
significant number of load cycles were applied, would failure occur.

3. Finite element modeling

A finite element (FE) model was created for the four-point bending specimen in an
attempt to understand the stress distribution adjacent to the hand-holes. This model was
constructed to be identical to the weld detail and geometry of the specimens. The model
also included an initial imperfection in the detail along the line where cracking would first
be observed. The purpose was to determine how a crack through the throat of the fillet
weld would affect the stress distribution. Local stresses were mesh dependent for this
study. Finer mesh sizes often increase the stresses local to important geometric details,
whereas a coarse mesh often results in a reduction in local stress. The model as a whole
consisted of 633,324 nodes with 346,747 elements. Each consisted of a mix of both hexa-
hedral and tetrahedral element types. Figure 11 depicts the mesh and model as a whole.

Stress “hot spots” indicate where fatigue cracking is likely to develop. Figure 12
shows a longitudinal stress map along the “Z” axis. Under bending, longitudinal stress
developed and the distribution, sense, and magnitude are affected by the presence
of the hand-hole detail. This is shown in Figure 12 with the shade of blue being a
relatively low stress while elevated stress (Figure 11) is green. Hot spots appear along-
side most of the hand-hole, maximum values between the 10:00 and 2:00 positions,
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Figure 11.
Overall model.
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Figure 12,
Contours of longitudinal stresses around the hand-holes.

Figure 13.
Stress concentration X divection.
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Figure 14.
Stress concentration Z divection.

as well as between the 5:00 and 7:00, indicated by a lighter shade of blue. Elevated
stresses are apparent on the inside edge of the reinforcement. Stresses are larger near
the junction of the inside and outside legs of the reinforcement [9]. This makes sense
because, as the tube bends, the cast reinforcement attempts to elongate on the tension
side. This stretches the reinforcement insert and results in transverse bending.

Figures 13 and 14 show how a crack within the detail effects the stress hot spots.
In Figure 13, to be precise, the stress is along the “X” axis and shows that the highest
concentration of stress is located at the “end” of the crack with a red color. Figure 14
shows this exact same phenomenon along the “Z” axis.

4. Conclusions

Fatigue tests conducted on aluminum light pole samples containing a variety of
welded hand-hole details revealed that there were no significant increases in the
fatigue life with changes in the treatment of the hand holes or changes in the detail
geometry. A total of 8 tests were conducted resulting in 15 data points, all subjected
to nearly the same stress range and loading rate. Fatigue test results indicated that
while there was some deviation in the results when plotted by itself, the changes made
did not have a drastic effect on the fatigue life of the specimens. The finite element
models show how an initial crack effects the stress concertation around the handhole.
From the results, it can be seen how the stress “pools” at the location where that initial
cracks were observed. This was consistent with the results in the lab.
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