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Abstract

Aluminum light poles are essential components of modern infrastructure, providing illu-
mination for highways, urban areas, and pedestrian pathways. Despite their importance,
structural vulnerabilities in handholes—necessary for electrical access—can reduce fatigue
life due to the structure’s response to wind. This study addresses a critical gap in translat-
ing laboratory-derived S–N data into field-applicable methods for assessing cumulative
damage in these structures. A probabilistic cumulative damage analysis framework was
developed to quantify the structural degradation of handholes due to variable wind veloci-
ties. Using a series of controlled cyclic fatigue tests and Miner’s Rule, the study establishes
a methodology to convert stress ranges into equivalent wind velocities and correlate labo-
ratory cycle counts with real-world loading conditions. The findings reveal a logarithmic
progression of damage accumulation and highlight the utility of integrating standardized
factors from ASCE-7 for scalable and geographically adaptable assessments. A proof-of-
concept application demonstrates the model’s potential to predict failure risks during
extreme wind events, such as hurricanes and tornadoes. This research provides a practical
and predictive tool for engineers and contractors to evaluate the structural integrity of
aluminum light poles, enabling proactive maintenance and reducing unplanned failures.

Keywords: aluminum light pole; handholes; cumulative damage analysis; probabilistic
modeling; fatigue life

1. Introduction
Light poles play a vital role in modern infrastructure by ensuring safety and security

on roadways, parking lots, commercial centers, and industrial facilities, as well as for
pedestrians on nearby sidewalks. When positioned correctly, they effectively eliminate
dark spots and alert both vehicles and pedestrians to potential hazards [1,2]. One key
component of light pole design is the electrical access handhole, located near the base of the
pole. These handholes, typically reinforced and attached [3], provide essential access for
the installation and maintenance of the electrical wiring system. Despite their importance,
these handholes can also introduce sites for potential fatigue crack development. Regular
inspection and maintenance of light poles are crucial to minimizing the risk of unexpected
collapses and, most importantly, to preventing loss of life.

Wind-induced fatigue cracking has long been recognized as a major cause of structural
failure in light poles [4]. Among the notable incidents, the September 2003 collapse of a light

J. Exp. Theor. Anal. 2025, 3, 40 https://doi.org/10.3390/jeta3040040

https://doi.org/10.3390/jeta3040040
https://doi.org/10.3390/jeta3040040
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jeta
https://www.mdpi.com
https://doi.org/10.3390/jeta3040040
https://www.mdpi.com/article/10.3390/jeta3040040?type=check_update&version=1


J. Exp. Theor. Anal. 2025, 3, 40 2 of 19

pole on the Western Link Elevated Road was particularly disruptive, causing significant
delays to northbound traffic. A similar failure occurred in June 2004 near the crest of the
Bolte Bridge, highlighting ongoing concerns with pole stability, depicted in Figure 1 [5]. In
another instance, in March 2009, a light pole at Hays High School in Buda, Texas, fell onto
the roof of a neighboring gymnasium during a girls’ soccer game, further emphasizing the
potential dangers associated with structural failures [6,7]. In 2014, extreme wind conditions
led to the failure of several light pole structures in a large public parking lot in Kansas.
Subsequent investigations revealed fatigue cracks in critical areas of the poles, prompting a
reevaluation of their design and maintenance [8]. Tsai et al. reviewed the collapse of a high-
mast light pole on I-29 near Sioux City in 2003, among other failures, providing valuable
insights into the underlying causes [9]. Reports indicate that steel light poles experienced
11 notable failures between 2000 and 2010, underscoring a pattern of recurring issues [10].
Additionally, Koob’s study on high mast towers and pole luminaires documented the
failure of a 140-foot-tall tower, with detailed observations of cracking in the handhole, as
depicted in Figure 2 [11].

 

Figure 1. Failure of bolt system in a light pole: (a) collapsed pole, (b) shoebase–bolt system prior to
failure, and (c) bolt after failure.

Figure 2. Fatigue cracking around handhole in a high mast tower.

Numerous studies have investigated the complexities of light poles and their fatigue
life. Oterkus et al. [12] performed stress analysis on composite cylindrical shells with
elliptical cutouts, establishing design criteria for laminated composite shells. Consolazio
et al. [13] conducted a three-month monitoring study on a Variable Message Sign (VHS) to
determine equivalent static pressures for fatigue loads, contributing to future sign support
structure designs. Roy et al. [14] explored cost-effective connection details for highway sign,
luminaire, and traffic signal structures by testing 80 full-size galvanized specimens under
fatigue and performing Finite Element Analysis. Their findings led to proposed revisions
to AASHTO standards. Shaheen et al. [15] conducted a study on wind-induced vibration
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monitoring of high-mast illumination poles (HMIP) using wireless smart sensors, offering
effective strategies for mitigating vibrations in these structures. Zhou et al. [16] examined
the high-cycle fatigue performance of HMIP bases with pre-existing cracks, revealing
that the tested specimens outperformed the predicted fatigue life for AASHTO category
E details. Connor et al. [17] investigated fatigue loading and design methodologies for
high-mast lighting towers, proposing a comprehensive fatigue design load approach that
accounts for wind gusts and vortex shedding. Additionally, they presented several other
significant findings, further enhancing the understanding the behavior of these structures.

The University of Akron has carried out several studies on the fatigue life of aluminum
light poles. Azzam [18] investigated the fatigue behavior of welded aluminum light poles,
focusing on socket connections and through plate base connections. Daneshkhah et al. [19]
examined reinforced welded handholes in aluminum light poles, developing S–N curves
and analyzing their mechanical behavior. Schlater’s master’s thesis [20] focused on the
fatigue behavior of reinforced electrical access handholes in 10-inch diameter specimens.
Extensive research on aluminum light poles and associated handholes was conducted by
Rusnak et al. This study included topics such as flush-insert-design handholes [21], open-
unreinforced handholes [22], geometric variations [23], fracture mechanics analysis [24],
and the performance of smaller diameter poles containing handholes [25]. Rusnak’s
master’s thesis and doctoral dissertation [26,27], focused on the fatigue life of smaller-
diameter aluminum light poles and the nuances of various handhole designs.

Cumulative fatigue damage has been the focus of prior research. Batsoulas et al. [28]
examined the mechanics of fatigue damage to predict the fatigue life of composite laminates
under various loading conditions, addressing a wide range of fatigue loading scenarios.
Manson et al. [29] presented insights into cumulative fatigue damage analysis. Lin et al. [30]
proposed a probabilistic fatigue damage model, accounting for the randomness of load and
material properties. Their study introduced improvements to nonlinear fatigue damage
models by incorporating load sequence effects and load exceedance variation within fatigue
spectra. Blacha [31] proposed a nonlinear probabilistic modification of Miner’s Rule for
damage accumulation. Hectors et al. [32] reviewed cumulative damage and life prediction
models for high-cycle fatigue of metals, highlighting the complexity of fatigue damage
accumulation and the challenges in developing a generalized predictive model.

Despite extensive research on the fatigue behavior of aluminum light poles and their
components, a gap exists in the practical application of laboratory-derived S–N (stress–life)
data to assess cumulative damage in handholes under real-world conditions. While fatigue
life models have been developed, existing methodologies do not provide engineers with
reliable tools to directly apply these models for evaluating the cumulative effects of repeated
wind loads on handholes, particularly in regions where the light poles are subjected to high
wind conditions. This gap in the current body of knowledge hinders the ability to accurately
predict failure and make informed maintenance or replacement decisions. Developing
a robust, field-applicable methodology for cumulative damage assessment is crucial for
enhancing the structural integrity and longevity of light poles. Such a framework would
allow for more accurate prediction of failure mechanisms, facilitate timely intervention,
and ultimately mitigate the risk of catastrophic structural failures, improving safety and
reducing the potential for costly infrastructure damage.

The novelty of this work lies in the development of a probabilistic framework that
bridges laboratory-derived S–N fatigue data with real-world wind loading conditions
by converting stress ranges into equivalent wind velocities. Unlike prior deterministic
fatigue analyses of light poles, this approach quantifies cumulative damage probabilistically,
providing a field-applicable and risk-informed tool for maintenance and design assessment.



J. Exp. Theor. Anal. 2025, 3, 40 4 of 19

The research present in this study was part of a comprehensive program at the Uni-
versity of Akron focused on handholes in aluminum light poles. The study revealed a
gap in practical methods to apply S–N data to assess cumulative damage in handholes.
Without a reliable way to translate laboratory results to real-world conditions, engineers
face challenges in evaluating the structural integrity of poles, particularly in regions prone
to high winds. To address this, the team leveraged the extensive S–N data gathered in the
lab [20,25] to develop a field-ready methodology. This new framework allows engineers
to account for the effects of repeated wind loads on handholes and make more informed
maintenance and replacement decisions.

2. Experimental Program and Cumulative Damage Analysis Framework
2.1. Experimental Setup and Loading Protocol

The experimental setup at the University of Akron laboratory during the comprehen-
sive program (previous work [18–27]) featured an apparatus designed to test specimens
in four-point bending under constant amplitude cyclic fatigue. A total of twenty-nine
(29) experiments were conducted to develop the S–N data from the cyclic fatigue tests.
Each light pole specimen was 12 feet (144 inches) in length, with two (2) handholes posi-
tioned 54 inches from either end of the pole. The handholes had an aspect ratio of 4 inches
by 6 inches, with the major dimension aligned along the pole’s vertical axis and were
reinforced by an oval insert welded in place using Gas Metal Arc Welding (GMAW) [33].
Of the experiments, twenty-two (22) involved poles with a 10-inch-diameter and a wall
thickness of 0.25 inches, while seven (7) used 8-inch-diameter poles with the same wall
thickness. All dimensions are reported in inches, and stresses in ksi (with corresponding
MPa values provided when applicable), unless otherwise specified. A complete list of
imperial-to-SI unit conversions is provided in Appendix A for reference.

Each specimen was supported by two separate rollers, positioned approximately
6 inches from each end of the pole. A 100-inch spreader bar, equipped with steel rollers
8 inches from each end, was used to achieve four-point bending. The spreader bar was
placed on the specimen with the rollers located 30 inches from each end of the pole. Loading
was applied through a 55-kip servo-hydraulic actuator, powered by an MTS STS controller
system, and applied at the center of the spreader bar. Detailed material properties for the
pole/tube, cast insert, and weldment can be found in the following sources: Pole [34], Cast
Insert [35], Weld [36] and heat treat treatment [37]. Figure 3 presents a sample drawing of
the experimental setup, while Figure 4 shows a photograph from the lab. The stress ranges
tested for each respective size are summarized in Tables 1 and 2.

Figure 3. Experimental test setup.
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Figure 4. Experimental laboratory photo.

Table 1. Tested stress ranges 10-inch-diameter pole.

Specimen Type Experimental Label Stress Range

MPa Ksi

10-inch Post-Weld
Heat-Treated

N1_HT_S10 62.64 9.09

N2_HT_S10 49.44 7.17

N3_HT_S10 59.58 8.64

N4_HT_S10 39.15 5.68

N5_HT_S10 27.81 4.03

N6_HT_S10 24.52 3.56

N7_HT_S10 20.67 3.00

N8_HT_S10 17.06 2.47

N9_HT_S10 34.02 4.93

N10_HT_S10 53.97 7.83

N11_HT_S10 30.72 4.46

N12_HT_S10 43.71 6.34

N13_HT_S10 42.34 6.14

N14_HT_S10 43.22 6.27

N15_HT_S10 80.16 11.63

N16_HT_S10 48.25 7.00

N17_HT_S10 41.37 6.00

N18_HT_S10 35.85 5.20

N19_HT_S10 43.30 6.28

N20_HT_S10 13.79 2.00

N21_HT_S10 10.00 1.45

N22_HT_S10 74.47 10.80
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Table 2. Tested stress ranges 8-inch-diameter pole.

Specimen Type Experimental Label Stress Range

MPa Ksi

8-inch Post-Weld Heat-Treated

N1_HT_S08 50.95 7.39

N2_HT_S08 44.33 6.43

N3_HT_S08 38.20 5.54

N4_HT_S08 31.03 4.50

N5_HT_S08 24.75 3.59

N6_HT_S08 17.86 2.59

N7_HT_S08 62.68 9.09

Measurement precision and variability were considered throughout testing. Load and
displacement data were collected using an MTS STS system. Based on the manufacturer’s
calibration services and typical laboratory testing practices, the estimated uncertainty in
calculated stress ranges is on the order of ±1–2%.

The complete experimental and finite element (FE) results for the 10-inch-diameter
specimens is presented in Schlatter’s study [20], while the corresponding results for the
8-inch-diameter specimens can be found in the work by Rusnak et al. [25].

The research team determined relevant damage states based on the conditions hand-
holes are likely to encounter in the field. These damage states are defined as follows:

• DS1—Detection of initial cracking.
• DS2—Structural failure of the handhole.

2.2. Probabilistic Cumulative Damage Analysis Framework

The probabilistic cumulative damage analysis converted the laboratory data into
a format that could be practically applied in the field. During the development of this
process, the research team encountered two primary challenges: (1) converting stress
ranges observed in a controlled laboratory settings into equivalent wind velocities (mph)
experienced under real-world conditions, and (2) defining a ‘load cycle’ that accurately
reflects the loading scenarios encountered in the field. The relevant nomenclature for the
following section is provided in Table 3.

Table 3. Nomenclature.

Variable Description

A Area over which the force is distributed (ft2)
D Accumulated damage
F Force applied (lb)

Hz Hertz (cycles per second)
Kz Velocity pressure exposure coefficient
Kzt Topographic factor
Ke Ground elevation factor
ni Number of cycles at a specific stress level
Ni Number of cycles to failure at a specific stress level
P Stress or pressure (psf)

PD Percentage of damage accumulated at wind event “X” (%)
qz Velocity pressure (psf)
T Time the handhole is under “X” wind event
Tf Time to damage state achievement under “X” wind event
V Basic wind speed velocity (mph)
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2.2.1. Stress Range to Wind Velocity

In response to challenge number (1), the research team went through a multifaced process.
Hollow specimens were analyzed using external pressure, a technique commonly

known as ‘pressure fatigue testing’ [38–40]. In our experiments, the specimens were
subjected to a defined stress range. The research team applied principles from Mechanics
of Materials [41,42], which allows the external pressure to be treated analogously to stress.
This relationship between stress and pressure is defined in Equation (1). “P” is the average
(or characteristic pressure on the pole) where “F” is the resultant force.

P =
F
A

(1)

By conducting the tests within a specified stress range (measured in ksi), the data can
be conveniently converted to pounds per square foot (psf), thereby facilitating the transfor-
mation of stress range data into a format suitable for subsequent conversion to velocity. In
the calculation of the stress, the geometry of the light pole was taken into consideration.

After converting the data to a usable format (in psf), the research team applied the
principles outlined in ASCE-7 [43]. The analysis was primarily based on Chapter 26 of
ASCE-7, with the team utilizing Equation 26.10-1, as shown in Equation (2).

qz = 0.00256 KzKztKeV2(lb/ft 2); V,
mi
h

(2)

The research team rearranged Equation (2) to express it in terms of velocity, resulting
in the modified form presented in Equation (3).

V =

√
qz

0.00256 KzKztKe
(3)

The variables Kz, Kzt, and Ke were derived from the ASCE-7 code, and the rationale
behind the selection of each value is outlined below:

• Kz: This velocity pressure coefficient is based on the exposure category, as defined in
Section 26.10.1 of ASCE-7. The research team referred to Section 26.7.3 in ASCE-7 [43]
to determine the appropriate exposure category. An exposure category of “C” was
selected, as categories “B” and “D” are not applicable to the light poles in question.
Given the test conditions and the focus on the “handholes” of high mast light poles,
which are typically situated within 15 feet of the overall height, a value of 0.85 was
chosen for Kz.

• Kzt: The topographic factor, Kzt, depends on the elevation and distance relative to
features such as hills or escarpments, as outlined in Section 26.8.2 of ASCE-7 [43].
Due to the variability in the location of high mast light poles across the country, a
standardized value of 1 was selected for Kzt. This value aligns with that used in a
technical report on high mast light poles by Hamel et al. [44].

• Ke: The ground elevation factor, Ke, is detailed in Section 26.9 of ASCE-7 [43]. Similar
to Kzt, the variability in high mast light pole locations nationwide led the research
team to select a value of 1 for Ke.

Using these variables, the wind velocity was calculated based on stress levels, consis-
tent with the methods used in the team’s experimental tests.

2.2.2. Cycles in the Field

The research team aimed to establish a direct correlation between the laboratory-tested
cycles and real-world conditions, given the absence of a definitive standard for cycles in
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the field. Wind loading is often unpredictable [45], though meteorologists typically record
the duration of such events [46]. The experiments were cycled at frequencies of either 1 Hz
or 2 Hz, depending on the stress range. By considering the rate of loading and the specified
stress range an estimate of the duration was calculated for which the handhole experienced
the equivalent of a real-world wind event.

The cyclic loading was applied at frequencies of 1 Hz and 2 Hz, corresponding to one
and two complete stress cycles per second, respectively. All loading data were initially
recorded in seconds to directly reflect the laboratory cycling rate. For field interpretation,
these values were scaled to minutes to provide a comparable measure of sustained wind
exposure duration.

2.2.3. Miners Rule

The analysis is based on Miner’s Rule [47–49], which is widely applied in fatigue
analysis for evaluating cumulative damage. Miner’s Rule provides a straightforward
method for assessing the progression of fatigue damage under varying stress cycles. The
progression of fatigue damage is measured using the cumulative damage index D, which
quantifies the proportion of fatigue life consumed as cyclic loading proceeds. The equation
for Miner’s Rule is shown in Equation (4).

D =
k

∑
i=1

ni

Ni
(4)

The variable ni represents the number of loading cycles a given component has
experienced at a specific stress range Si, directly correlating to its accumulated damage.
Conversely, Ni denotes the total number of cycles the component can endure at the same
stress range before failure occurs. The damage progression is quantified through the ratio
ni
Ni

, which serves as an indicator of the component’s current degradation state at Si. Failure
is defined when the cumulative damage reaches D = 1, signifying that the component has
exhausted its fatigue life under the applied loading conditions.

2.2.4. Total Application

By converting stress to wind velocity, correlating laboratory cycles to real-world con-
ditions, and applying Miner’s Rule, the cumulative damage to a handhole in an aluminum
light pole under varying wind conditions can be assessed. Wind velocity directly influences
the rate of fatigue damage accumulation because the dynamic pressure of wind loading
increases with the square of velocity. Consequently, higher wind speeds induce greater
stress amplitudes in the pole wall and handhole region, leading to a proportionally faster
rate of cumulative damage growth per unit time. Equation (5) defines “PD” representing
the percentage of accumulated damage during a wind event “X.” In this equation, “T”
is the duration for which the wind event “X” acts on the handhole, and “Tf” is the time
required to reach the applicable damage state or complete failure.

PD =
T
Tf

@ wind event “X” (5)

By applying Equation (3) (to determine wind velocity from the tested stress range) and
Equation (5) (to calculate the percentage of accumulated damage), the cumulative damage
to a handhole in a high mast aluminum light pole can be evaluated under varying wind
conditions. For instance, if the ratio T

Tf
is calculated as 0.236, this implies that the component

has consumed 23.6% of its total expected fatigue life under the given loading conditions.
In other words, 23.6% of the fatigue capacity has been utilized, while the remaining 76.4%
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represents the unused portion of its fatigue life. This metric reflects life consumption rather
than a statistical probability of failure or survival.

3. Probabilistic Cumulative Damage Analysis and Its Application
3.1. Probabilistic Cumulative Damage Analysis

Building upon the deterministic Miner’s Rule–based framework, a probabilistic cu-
mulative damage model was formulated to quantify uncertainty in the rate of fatigue
progression under variable wind velocities. This model provides a field-applicable means
of relating laboratory fatigue behavior to real-world wind exposure, incorporating stochas-
tic variations in stress amplitude, duration, and environmental conditions.

The tables present the average data points obtained from the probabilistic cumulative
damage analysis performed at varying wind velocities, corresponding to the tested stress
ranges. Each data point represents the occurrence of a specific damage state. Because each
light pole incorporates two independent handholes, two data points were recorded for
each applicable stress range (or wind velocity). Damage progression was quantified in
terms of exposure duration, expressed in minutes, under the prescribed wind event velocity.
The cumulative data for each wind velocity are summarized in Tables 4 and 5, while the
averaged values across similar wind velocity levels are presented in Tables 6 and 7. In cases
where the onset of Damage State 1 (DS1) could not be identified, the corresponding entry is
denoted as “No Data.”

Table 4. 10-inch-diameter pole velocity to damage percentage per minute total data points.

Velocity (MPH)
Damage % (1 min)

DS1 DS2

192.6

No Data

0.00277

185.7 0.00100

185.7 0.00073

170.3 0.00073

166.1 0.00041

166.1 0.00048

158.0 0.00065 0.00031

158.0 0.00065 0.00027

151.3
No Data

0.00016

151.3 0.00020

149.4 0.00036 0.00018

149.4 0.00036 0.00020

142.2 0.00038 0.00016

142.2 0.00038 0.00014

141.6 0.00023 No Data

141.6 0.00023 0.00011

141.4 0.00021 0.00012

141.4 0.00021 0.00013

140.0 0.00029 0.00013

140.0 0.00029 0.00014

138.4 0.00032 0.00016
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Table 4. Cont.

Velocity (MPH)
Damage % (1 min)

DS1 DS2

138.4 0.00032 0.00015

134.6 0.00017 No Data

134.6 0.00017 0.00010

128.8 0.00012 0.00007

128.8 0.00012 0.00006

125.5 0.00029 0.00014

125.5 0.00029 No Data

119.3 0.00018 0.00009

119.3 0.00018 0.00009

113.5 0.00006 No Data

113.5 0.00006 0.00003

106.5 0.00005 0.00003

106.5 0.00005 0.00002

97.8 0.00006 0.00002

97.8 0.00006 No Data

88.9 0.00004 0.00001

88.9 0.00004 0.00001

79.9 No Data 0.00001

Table 5. 8-inch-diameter pole velocity to damage percentage per minute total data points.

Velocity (MPH)
Damage % (1 min)

DS1 DS2

157.0
No Data

0.00055

157.0 0.00075

141.6 0.00035 0.00015

141.6 0.00035 0.00035

132.1
No Data

0.00013

132.1 0.00008

122.6 0.00009 0.00004

122.6 0.00009 0.00006

110.5 0.00007 0.00004

110.5 No Data 0.00006

98.7 0.00004 0.00002

98.7 No Data 0.00004
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Table 6. 10-inch-diameter pole velocity to damage percentage per minute average data points.

Velocity (MPH)
Damage % (1 min)

DS1 DS2

185.7

No Data

0.00086

170.3 0.00073

166.1 0.00045

158.0 0.00065 0.00029

151.3 No Data 0.00018

149.4 0.00036 0.00019

142.2 0.00038 0.00015

141.6 0.00023 0.00011

141.4 0.00021 0.00013

140.0 0.00029 0.00013

138.4 0.00032 0.00016

134.6 0.00017 0.00010

128.8 0.00012 0.00007

125.5 0.00029 0.00014

119.3 0.00018 0.00009

113.5 0.00006 0.00003

106.5 0.00005 0.00003

97.8 0.00006 0.00002

88.9 0.00004 0.00001

79.9 No Data 0.00001

Table 7. 8-inch-diameter pole velocity to damage percentage per minute average data points.

Velocity (MPH)
Damage % (1 min)

DS1 DS2

157.0 No Data 0.00065

141.6 0.00035 0.00025

132.1 No Data 0.00010

122.6 0.00009 0.00005

110.5 0.00007 0.00005

98.7 0.00004 0.00004

To better understand the relationship between wind velocity and the rate of damage
accumulation per minute due to external wind loading, the data from Tables 3 and 4 were
graphically plotted. Additionally, the equation representing this data was derived from the
trendline, enabling the calculation of wind velocities not directly tested. Figure 5 depicts
the cumulative damage of the 10-inch-diameter light pole handholes at Damage State 1
(DS1). Figure 6 shows the corresponding cumulative damage to Damage State 2 (DS2) for
the same 10-inch-diameter light pole handhole. Figure 7 depicts the cumulative damage to
Damage State 1 (DS1) in the 8-inch-diameter light pole handhole, while Figure 8 shows the
corresponding cumulative damage to Damage State 2 (DS2) for the same 8-inch-diameter
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light pole handhole. The logarithmic regression equations and corresponding R2 values are
displayed within Figures 5–8.

 

Figure 5. Relationship between wind velocity and cumulative damage (10-inch specimen, DS1).
Logarithmic trendline with corresponding equation and R2 value shown.

 

Figure 6. Relationship between wind velocity and cumulative damage (10-inch specimen, DS2).
Logarithmic trendline with corresponding equation and R2 value shown.

 

Figure 7. Relationship between wind velocity and cumulative damage (8-inch specimen, DS1).
Logarithmic trendline with corresponding equation and R2 value shown.
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Figure 8. Relationship between wind velocity and cumulative damage (8-inch specimen, DS2).
Logarithmic trendline with corresponding equation and R2 value shown.

The equations of the logarithmic trendline is present in each of the respective figures.
These equations were generated in order to obtain wind velocities to damage states not
tested and are present in Equations (6)–(9). In the equations, “Y” represents the wind
velocity and “X” represents the cumulative damage. Equation (6) represents the equation
for the 10-inch-diameter pole handhole to DS1, Equation (7) represents the equation for the
10-inch-diameter pole handhole to DS2, Equation (8) represents the equation for the 8-inch-
diameter pole handhole to DS1, Equation (9) represents the equation for the 8-inch-diameter
pole handhole to DS2.

Y = 21.5 ln(X) + 314.8 (6)

Y = 21.0 ln(X) + 326.8 (7)

Y = 18.5 ln(X) + 290.4 (8)

Y = 16.1 ln(X) + 276.0 (9)

3.2. Proof of Concept of the Probabilistic Cumulative Damage Analysis

To facilitate the cumulative damage analysis, the research team created a proof of
concept using the data and process generated. Consistent wind velocities and gusts, along
with their associated durations that were utilized in the proof of concept can be seen in
Table 8. Gusts are common in any sort of wind event [50]. ASCE-07 uses a “3 s gust factor”
to account for short-duration wind gusts as it corresponds to the peak wind speeds that
are most likely to cause structural damage [43]. For the sake of the proof of concept, the
research team assumed that each of the gusts last a total of 3 s. Some of the constant wind
velocity data selected for proof of concept was similar to some recorded extreme events,
like hurricane Sandy [51,52] and a possible tornadic event and its associated velocities and
average duration [53–55].

Table 8. Proof of concept case study Wind data points.

Type Event Velocity (MPH) Duration (Minute)

Constant Hurricane Sandy Sample 59.7 1440
Gust Hurricane Sandy Max Gust 75.1 0.33

Constant 4 Hour long Thunderstorm (a) 40 240
Gust Thunderstorm (a) Gusts 70 0.33

Constant 2 Hour Long Thunder Strom (b) 20 120
Gust Thunderstorm (b) Gusts 60 0.33

Tornadic E1 Tornado 112 3



J. Exp. Theor. Anal. 2025, 3, 40 14 of 19

Processing the data from Table 8 through the cumulative damage analysis, utilizing the
derived equation in the process, the calculated total damage the handhole experienced is
presented in Table 9 with both the cumulative damage and percentage to failure or damage.

Table 9. Proof of concept case study cumulative damage.

10-Inch 8-Inch

DS1 (%) DS2 (%) DS1 (%) DS2 (%)

CUMU DMG 0.0151 0.0066 0.0085 0.0034
% to Fail 1.5 0.7 0.9 0.3

Table 9 indicates that the presence of a handhole in a 10-inch-diameter pole results in
a 1.5% probability of initial fatigue crack formation and a 0.7% probability of catastrophic
fracture. Similarly, for an 8-inch-diameter light pole with a handhole, the likelihood of
initiating a fatigue crack is 0.9%, while the probability of catastrophic fracture is 0.3%. These
cumulative damage percentages in this proof-of-concept case study represent the combined
effects of the variable wind conditions outlined in Table 8, including both sustained winds
and short-duration gusts. The results demonstrate that even under extreme events such as
hurricanes or tornado-level winds, total fatigue life consumption remains below 2% for
a single event, confirming the model’s capability to quantify cumulative damage across
distinct wind velocity scenarios.

4. Discussion
This study distinguishes itself from previous deterministic fatigue assessments by im-

plementing a probabilistic cumulative damage framework that links laboratory-measured
stress ranges to real-world wind velocities. This approach provides a realistic representa-
tion of fatigue progression and enables risk-based evaluation of structural integrity under
variable wind loading. The key findings presented herein underscore the practicality and
scalability of the proposed methodology, as well as its potential to serve as a predictive tool
in real-world applications.

4.1. Interpretation of Results in Engineering Context

1. Logarithmic Damage Progression: The damage trendlines for both 10-inch- and
8-inch-diameter poles exhibit logarithmic behavior, as seen in Figures 5–8. This aligns
with known fatigue phenomena where cumulative damage tends to accelerate as
microstructural fatigue cracks propagate beyond critical thresholds. This progression
underscores the importance of periodic inspections and preemptive interventions,
particularly for poles subjected to regions with consistent high wind velocities.

2. Wind Velocity Translation: The successful conversion of stress ranges into wind veloci-
ties provides actionable insights for contractors. By incorporating ASCE-7 factors such
as Kz, Kzt, and Ke, the methodology accounts for local topographic and atmospheric
variations, enhancing its applicability across diverse geographic settings. However,
these factors’ potential sensitivity to unique environmental conditions necessitates
localized calibration to improve predictive accuracy.

3. Field Relevance of Laboratory Results: The correlation between laboratory-derived
cycle counts and field conditions helps bridge a critical gap in engineering practice.
The methodology effectively addresses the challenge of translating controlled ex-
perimental results into stochastic field conditions by leveraging Miner’s Rule. This
simplification, while practical, assumes linear damage accumulation, potentially un-
derestimating nonlinear damage effects observed in materials subjected to varying
amplitude cycles.
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4. Critical Observations on Handhole Failures: The inability to consistently detect Dam-
age State 1 (DS1) in high wind scenarios emphasizes the abrupt nature of crack
initiation and propagation under extreme loading. This phenomenon highlights the
importance of enhanced inspection protocols and the integration of real-time moni-
toring technologies, such as wireless strain gauges or acoustic emission sensors, to
preemptively identify incipient failures.

4.2. Practical Implications for Structural Maintenance

1. Lifecycle Management: By quantifying damage as a percentage of total failure
under specific wind events, this methodology empowers asset managers to pri-
oritize maintenance schedules based on empirical risk assessments. The ap-
proach/framework can reduce lifecycle costs by shifting focus from reactive to proac-
tive maintenance strategies.

2. Customization Potential: The modularity of the cumulative damage analysis process
allows its adaptation to other structural components, such as base plates and weld
seams, further broadening its applicability. Future studies should explore its integra-
tion with digital twin models to simulate long-term performance under probabilistic
wind scenarios.

3. Validation Through Extreme Events: The proof-of-concept analysis using historical ex-
treme weather events, such as Hurricane Sandy and tornado scenarios, demonstrates
the model’s robustness. However, the analysis reveals the necessity for expanding
datasets to intermediate wind velocities and mixed-mode loading conditions for
greater interpolation accuracy.

5. Conclusions
A novel probabilistic cumulative damage framework was developed in this study

to evaluate the fatigue performance of handholes in aluminum light poles subjected to
variable wind conditions. By bridging the gap between controlled laboratory testing and
real-world applications, this approach provides engineers and contractors with a predictive
tool to assess structural integrity. The findings underscore the utility of Miner’s Rule as a
foundation for cumulative damage assessment, particularly when combined with wind
velocity conversions. The observed logarithmic nature of damage accumulation highlights
the escalating risk of failure as fatigue life nears completion, reinforcing the importance of
early detection and proactive maintenance strategies, especially in high-risk environments.

The developed methodology demonstrates significant scalability, making it appli-
cable across various structural configurations and environmental conditions. Reliance
on standardized factors from ASCE-7 enhances its adaptability to different geographic
and meteorological contexts. Although this study focuses specifically on handholes, the
framework holds promise for assessing other critical features, including weld seams, pole
bases, or connections in composite structures. By integrating wind velocity data with
damage states, the framework transitions field assessments from qualitative observations
to quantitative predictions, enabling data-driven maintenance and replacement decisions
that can reduce unplanned failures and associated costs.

Nonetheless, certain limitations remain. The inability to capture DS1 under high
wind velocities highlights the challenges of replicating real-world failure dynamics within
controlled laboratory settings. This gap underscores the need for advanced real-time
monitoring systems capable of detecting early-stage crack propagation under transient
loading conditions.

Building on these findings, future research should focus on several areas to enhance the
model’s robustness and applicability. Incorporating advanced fatigue models that account
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for nonlinear damage accumulation, particularly under variable amplitude loading, could
provide a more accurate representation of material behavior. Additionally, expanding
experimental testing to cover a broader range of wind velocities and mixed-mode fatigue
loading scenarios would refine the methodology’s predictive capabilities. Investigating the
influence of environmental factors, such as temperature fluctuations, corrosion, and UV
exposure, could also offer a more comprehensive understanding of damage progression in
aluminum poles.

A holistic structural analysis that considers the entire pole assembly, rather than
isolated handholes, is another important direction. Coupling such studies with finite
element modeling would help simulate component interactions under dynamic wind loads.
Real-time monitoring technologies, such as strain gauges or wireless acoustic emission
systems, could further enhance the practical utility of the model by providing continuous
assessments of pole health. Integrating these insights into digital twin models would
support predictive maintenance strategies with higher precision.

Finally, future work should explore material innovations, such as fiber-reinforced
composites or advanced aluminum alloys, to improve the durability of handholes and
extend the service life of light poles. Collaboration with industry stakeholders to integrate
these findings into standards and codes, such as AASHTO or ASCE-7, would facilitate
broader adoption of the methodology and promote improved infrastructure design and
maintenance practices.

This study lays a strong foundation for the assessment of cumulative damage in
aluminum light poles and provides a framework for addressing fatigue-related challenges
in structural engineering. Further refinement and expansion of this work will enhance its
value, both as a predictive tool for field applications and as a basis for advancing research
in structural fatigue analysis.
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Appendix A
To assist readers in interpreting the results, Table A1 provides conversions between

imperial and SI units for parameters used in this study.
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Table A1. Imperial Unit, Equivalent SI Unit and Conversion Factor.

Imperial Unit Equivalent SI Unit Conversion Factor

1 inch (in) 2.54 centimeters (cm) 1 in = 2.54 cm

1 foot (ft) 0.3048 meters (m) 1 ft = 0.3048 m

1 pound (lb) 4.448 Newtons (N) 1 lb = 4.448 N

1 kip (k) 4.448 kilonewtons (kN) 1 kip = 4.448 kN

1 pound per square inch (psi) 6.895 kilopascals (kPa) 1 psi = 6.895 kPa

1 ksi (kips per square inch) 6.895 megapascals (MPa) 1 ksi = 6.895 MPa

1 pound-force foot (lbf·ft) 1.356 Newton-meters (N·m) 1 lbf·ft = 1.356 N·m
1 pound-force inch (lbf·in) 0.113 Newton-meters (N·m) 1 lbf·in = 0.113 N·m

1 kip-foot (kip·ft) 1.356 kilonewton-meters (kN·m) 1 kip·ft = 1.356 kN·m
1 mile per hour (mph) 0.44704 m per second (m/s) 1 mph = 0.44704 m/s
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