A Thesis
entitled
Evaluation of Remaining Fatigue Life of a Non-Cantilever Highway Truss With Tubular
Joints
by
Abdullah Haroon
Submitted to the Graduate Faculty as partial fulfillment of the requirements for the
Master of Science Degree in

Civil Engineering

Dr. Serhan Guner, Committee Chair

Dr. Douglas K. Nims, Committee Member

Dr. Luis A. Mata, Committee Member

Dr. Cyndee Gruden, Dean
College of Graduate Studies

The University of Toledo

May 2019



Copyright 2019, Abdullah Haroon

This document is copyrighted material. Under copyright law, no parts of this document

may be reproduced without the expressed permission of the author.



An Abstract of

Evaluation of Remaining Fatigue Life of a Non-Cantilever Highway Truss With Tubular
Joints

by
Abdullah Haroon
Submitted to the Graduate Faculty as partial fulfillment of the requirements for the
Master of Science Degree in

Civil Engineering

The University of Toledo
May 2019

Non-cantilevered support structures have been widely used in the transportation
department for supporting overhead traffic signs and signals. Several of them exhibit
fracture failure at the welded connections, with the most likely cause being fatigue failure
due to wind-induced vibrations. The failure usually occurs at “T”, “Y”, “K” tube to tube
welded connections. The crack initiates at the welded junction of chord and diagonal and
propagates circumferentially. A similar crack was observed at a truss on Alum Creek Drive
at the interchange of [-270 in the state of Ohio. An investigation, funded by ODOT, was
conducted at the University of Toledo into the cause of failure.

Finite element modeling of the structure was conducted using SAP2000. External
loadings from natural wind gusts were considered. It was presumed that the effects of other
loadings such as vortex shedding, galloping, and truck gusts are negligible for this
structure. Both static and transient dynamic analyses were performed. Weather data of
daily variation in wind speed and direction were obtained from NCDC and a probabilistic
wind distribution was performed. Using Kaimal spectrum load time histories of natural

wind was generated, and a transient dynamic analysis was performed. Stress histories of
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critical members were extracted, and Palmgren-Miner rule was applied to evaluate the
fatigue life of the critical members. The analysis results indicated that if the weld is
assumed to be of sound quality, the fatigue life of the critical members under the effect of
natural wind gust greater than the service life of the truss.

Simulated damage scenarios were introduced by reducing the load carrying
capacity of the members at failed joints and fatigue life was compared in undamaged and
damaged states. Damage was introduced by reducing the mechanical strength of failed
members and deterioration due to poor weld quality was not considered Compared to the
undamaged state, the fatigue life in all the three damage scenarios was found to reduce by
only 10%. This suggests that assuming the welds are done as per code requirements, the
truss is redundant enough to sustain some damage without affecting the overall fatigue life
of the structure.

Even though the findings of this report predict the fatigue life to be greater than the
service life of the truss, it should be noted that this result is only valid with the presumption
that welded connections between members of the truss are sound and no defect in weld
quality is considered in the present analysis. A quantitative assessment of the effects of
weld defects on the fatigue life of the structure could give a better understanding of the

failure mode, but such a venture was beyond the scope of this study.
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Chapter 1

Introduction

1.1 Motivation

Sudden failure of an in-service non-cantilever highway truss on Alum Creek Drive
at the interchange of Interstate 270 lead Ohio DOT to initiate an investigation to determine
the cause of failure and whether it is a systematic problem that needs to be addressed. A
research team from the University of Toledo, Ohio, conducted a study including both
qualitative electron microscopy and analytical fatigue life evaluation due to natural wind

gust. Only the analytical portion of the investigation is discussed in this report.

Non-cantilevered highway structures have been widely used by state DOTS over
many decades to support traffic signs, signals and luminaries. The configuration of these
non-cantilevered support structures has developed gradually but many of them, currently
in service, structures are box type four chord trusses with fully welded tubular connections.
Such structures are often subjected to cyclic loading due to natural wind gusts or gusts from
passing traffic underneath. A well-recognized problem reported by several state DOTs is
the performance of the welded tubular joints at the chord-diagonal intersections
(Schumacher et al. 2009). Due to different cross sections of the intersecting members, the

stiffness of the joints is typically variable (Schumacher et al. 2009), which results in non-
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uniform stress distributions at these joints when subjected to cyclic loading. Several DOTs
have reported cracks at “T”, “Y”, and “K” tube-to-tube welded connection of such trusses,
well before the end of their design life (Ginal 2003)(Foutch et al. 2006). In most of these
cases, the failure was attributed to fatigue due to excessive vibrations caused by wind

and/or truck gusts.

The assessment procedures contained in AASHTO specifications (AASHTO 2015)
are not fully applicable to this particular problem. AASHTO specifications propose the use
of nominal stress-based S-N curve method to assess the remaining fatigue life of highway
trusses. This procedure requires the pre-categorization of weld details and establishing the
fatigue resistance (S-N curve) of these pre-defined weld details through laboratory testing
(Maddox 2003). The AASHTO specifications classify the tubular joints of non-
cantilevered trusses in the ‘ET’ category with one of the lowest fatigue resistances,
however, the specifications do not provide S-N curve for ‘ET’ weld details but merely
provide the constant amplitude fatigue limit (CAFL) for the weld detail, which presumably
corresponds to ‘adequate’ fatigue life. Huckelbridge et al. (Huckelbridge 2009)
analytically estimated the S-N curve for ‘ET’ category based on curve fitting method and

is used for this investigation.

Also, the fatigue resistance (S-N curve) of these tubular connections, unlike other
details, has not been established based on laboratory testing but corresponds to
classification specified by the AWS Structural Welding Code (AASHTO 2015). AWS
classifications (American Welding Society 2015) are based on research in offshore
industry, performed on connections of thicker and larger diameter tubes. However, since

the stresses in tubular connections depend strongly on the geometric parameters of the



tubes, such extrapolation from AWS specifications may not be consistent for the current
slender connections in service. Independent researchers (MASHIRI 2007) (Schumacher
2009) have established the °‘size effect’ corrections for tubular joints but their

considerations in design codes are limited.

ODOT has jurisdiction over several non-cantilevered support structures that have
shown in-service problems. Majority of these problems are concerning the welded tubular
connections at the chord-diagonal junction. Generally, circumferential cracks are found
within the leg or toe of the fillet weld at the chord-diagonal joint. Depending upon the time
it has to grow, the crack can propagate into the chord and can cause the collapse of total or
a part of the structure. Such an event could have catastrophic consequences on any busy
highway. While locating these cracks through routine inspections and preventing any
unforeseen failure is the first step in addressing the problem, determining the actual
cause(s) of the failure is important to better understand the problem and develop possible

fixes.

The scope of the investigations involved three separate tasks: (1) An analytical
evaluation of fatigue life due to wind (presented in this thesis); (2) Effect of diurnal
temperature variations and HAZ (KC 2019); (3) Material characterization of regions with

and without failure, using electron microscopy (Nims 2019).

1.2  Objective of study

The decommissioned non-cantilevers truss on Alum Creek Drive at the interchange

of Interstate 270 was used as the representative structure for this study. The truss



experienced a fracture failure at the two ends of its chord. An investigation into the cause

of failure was undertaken with the following objectives:

a) Develop an analytical model of the truss to compute the response of truss to natural
wind gust.

b) Based on AASHTO (AASHTO 2015), calculate design load capacity and fatigue
resistance of the truss and check if the design is adequate.

c) Identify the members prone to fatigue failure and evaluate their fatigue life.

d) Evaluate the fatigue life of the truss under simulated damage scenarios and compare

it with the fatigue life in the undamaged state.

1.3  Thesis organization

Chapter 1- Introduction presents a brief overview of this study. Motivation to

undertake this study is described and the objectives of the research are stated.

Chapter 2- Literature review sheds some light on the development of regulations
for the support structures. A brief background of analytical wind engineering and fatigue

analysis procedures is discussed.

Chapter 3- Structural analysis describes the representative truss and observations
made during the field inspection of the truss. Finite element model developed for the truss

and static analysis of performed is also discussed in detail.

Chapter 4- Fatigue analysis details the procedure employed to calculate the fatigue
life of the structure. Included in this chapter are the results of the wind speed distribution,

wind load time history, stress time history of critical members and fatigue life of these



members. Simulated damage scenarios are explained, and fatigue life of damages states is

calculated and compared with the undamaged state.

Chapter 5- Conclusion: This chapter presents a summary of results from the study

and suggestions are made for future work.



Chapter 2

Background

This chapter aims at summarizing the development of regulations for highway sign
support structures. The National Cooperative Highway Research Program (NCHRP) has
undertaken several projects to help and improve the American Association of State
Highway and Transportation Officials (AASHTO) standard and guidelines for the highway
sign support structures. Pertinent research from these reports along with their effects on
AASHTO guidelines is discussed in section 2.1. Section 2.3 outline the process of

analytical wind engineering and section 2.5 describes fatigue life evaluation method.

2.1 Development of regulations

After several incidents of fatigue failure in highway sign structures were reported,
engineers realized that 1994 AASHTO Standard Specifications for Structural Supports for
Highway Signs, Luminaries and Traffic Signals (henceforth referred to as Support
specifications) needs revision to guard against fatigue. The response of these structures
under wind load and fatigue resistance of various connections details need to be well
understood. NCHPR Project 10-38 “Fatigue —Resistance Design of Cantilever Signals,

Signs, and Light Supports,” was started and extensive experimental and analytical work



was performed to develop guidelines to prevent excessive vibrations and fatigue of
cantilevered sign, signals and light support structures. Findings of the research were issued
in the form of NCHPR report 412 (Kaczinski et al. 1998). The project was aimed at
identifying wind-loading phenomena critical to fatigue failure, identifying fatigue sensitive
connection details, develop fatigue limit-state wind loads and identifying fatigue strength

of anchor bolts.

Four wind loads, i.e. galloping, vortex shedding, natural wind gust, and truck
induced wind gusts were identified as potential sources that can cause large amplitude
vibrations and can cause fatigue failure. Wind tunnel tests were performed to quantify the
dynamic response of cantilevered signs and signal structures under galloping and vortex
shedding phenomena. Magnitudes of equivalent static fatigue limit-state loads for
galloping, vortex shedding, and natural wind gust were estimated by performing static and
dynamic finite element analyses. A simple static load model for truck-induced wind gust

was validated using analytical calculations.

Fatigue sensitive connection details were identified with the help of standard
drawings from the state department of transportation and manufacturer literature. These
details, based on their cracking mode and stress concentration, were categorized, according
to AASHTO (AASHTO 2012) and AWS (American Welding Society 2015) fatigue design
curves, from A to E’ where the fatigue threshold decreases as we move from A to E’.
Several details for cantilevered support structures were found to have very low fatigue

strengths and were categorized into E or E’.

The fatigue chapter of the AASHTO 1994 supports specifications was updated

based on the recommendations of NCHRP report 412 and contains provisions for the



fatigue design of cantilevered steel structural supports. These supports should be designed

for fatigue due to loads from galloping, natural wind gusts, and truck induced wind gusts.

Despite the extensive research performed in NCHRP report 412, several issues
needed further considerations or refinements. Until this point, all the research efforts were
limited to cantilevered overhead support structures. Another NCHRP project was
undertaken to enhance the support specifications and provide a strategic plan for future
development of the specifications. As a result of this project, NCHRP report 494 (Fouad et
al. 2003) was published in 2003. One of the core objectives of the work of Fouad et al. was
to address fatigue and vibrations in non-cantilevered support structures. As a part of the
project, a survey was sent by the research team to various state DOTs enquiring about the
problems encountered with highway signs. Out of the 48 replies received, eight reported
issues related to non-cantilevered support structures. An in-depth analytical investigation
using the finite element method was conducted to establish equivalent static loads for non-
cantilevered supports. Related issues such as connection details to minimize fatigue effects,
the effect of gusset plates, and methods to mitigate vibrations were also addressed in the
report. Following recommendations for fatigue loads on non-cantilevered supports came

out of the report:

1. Galloping: A 21-psf shear pressure applied vertically to the projected area of the
sign mounted over monotube as viewed in the elevation. Galloping needs to be
considered only for horizontal monotubes. Non-cantilevered support structures are

excluded.



2. Vortex shedding: Use the same model for non-cantilever supports as present in
NCHRP report 412 for cantilever supports. This requirement can be disregarded if
signs or sign blanks are used during construction.

3. Natural wind load: A pressure range of 5.2-psf multiplied by the drag coefficient
applied horizontally to the exposed area.

4. Truck induced loads: Horizontal pressure of 7.5-psf applied to the area of the sign
and the area of the support structures, and the vertical pressure of 10.2-psf applied
to the area of the support structure and the projected area of the sign. These loads

should be applied along 24 feet or entire span, whichever is smaller.

2.2  Previous studies

Efforts have been made to address the overall fatigue performance of non-
cantilevered signs such as NCHRP Report-494 (Fouad 2003); however, special attention
for tubular details is required. Several state-funded programs have attempted to address
this issue but resulted in varying conclusions such as weld defects, truck gust vibration,
infinite life, etc. Such studies varied by the type of wind loading, the dimensions, and type

of the truss, analytical modeling of wind, and the method of transient dynamic analysis.

Ginal (Ginal 2003) evaluated the fatigue performance of three overhead box-type
trusses. The effect of wind load and truck gust were determined separately. The fatigue life
of critical members was found to vary in the range of four to twenty-seven years. Li (Li et
al. 2006) utilized ANSYS to model the critical connections in a box truss. Unlike Ginal
(Ginal 2003), he found the fatigue life of all the connections in the box truss to be infinite.

Huckelbridge (Huckelbridge and Metzger 2009) analyzed a bridge mounted overhead sign



support along Interstate 75 in Dayton (Ohio) after a complete failure of two truss members
was noted during a field inspection. A combination of in-situ field monitoring of the traffic
induced bridge vibrations along with analytical modeling of the truss was carried out. The
investigation concluded that the failure was due to extreme high-cycle fatigue caused by

vibrations due to traffic.

2.3 Wind Engineering

2.3.1 Dynamic wind loads on sign structures

Wind is a non-periodic dynamic action that fluctuates over time. Its effect on the
structure is dependent upon its direction, speed and shape and height of the structure. These
variables combine to induce several different actions that can cause large amplitude

vibrations in the structure and cause damage.

Experimental and analytical research performed in NCHPR report 412 identified
four wind loading phenomenon as possible sources that can cause large amplitude
vibrations and cause fatigue failure, i.e. vortex shedding, galloping, natural wind gusts and
truck induced wind gusts. These phenomena were established only for cantilever structures

and non-cantilevered structures were out of the scope of NCHPR-412.

Galloping is an aerodynamic phenomenon that arises due to varying angle of wind
attack on the structure. It is characterized by large amplitude oscillations perpendicular to
wind flow. Galloping is found to be critical in flexible structures with a low natural

frequency such as cantilevered sign supports.
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Vortex shedding, like galloping causes vibrations normal to wind direction. When
a steady uniform wind flow passes a bluff body, vortices are created at the back of the body
and detach periodically on either side of the body creating alternate low-pressure zones.
The structure tends to move towards the low-pressure zone and oscillates normal to the

direction of the wind.

Truck induced wind gusts are produced when heavy vehicles pass under the
overhead sign at high speeds. As the vehicle passes the structure, a wind gust is induced in
both vertical and horizontal directions that strike the structure and causes oscillations.
Horizontal gust induced by truck, as compared to natural wind, is so small to be negligible.

Vertical pressure greatly depends on the height of the structure and area parallel to the road.

Natural wind gust is the most significant contributor to fatigue damage to overhead
signs. The random nature of natural wind causes non-periodic oscillations in the structure
causing fatigue damage. The magnitude of these natural wind forces depends on several

factors such as speed of the wind, its direction, height and shape of the structure, etc.

Both galloping, and vortex shedding are not significant for non-cantilevered
structures and hence are not considered in this study. Truck induced wind gusts are
noticeable for non-cantilevered structures, but their occurrence is much less compared to
natural wind gusts (Li 2006). Hence, in this research, it is assumed that natural wind gust

is the primary contributor to fatigue damage in the structure.

2.3.2 Natural wind

To accurately measure the dynamic effect of wind on any structure, a function of

wind speed variation with time is required. Due to its gustiness characteristic, the wind can
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be described as a random vector field whose speed and direction at any point in space
changes continuously. At any point in the field, the instantaneous velocity of wind can be
considered as a resultant of two components: a mean component v, and a fluctuating

component v(t) that represents the turbulence.

The mean component is the steady flow velocity and is subjected to slow changes.
Near the surface of the earth, the mean component varies with height above ground. Two
empirical relations commonly used to describe the variation of the mean component with
elevation are the Logarithmic law and the Power law. These relations are expressed

mathematically in the following equations.

Power Law:

VA [24
V(z) =V, (Z) (2.1)
Logarithmic Law:
V() =~V (£) 22
z) = il n Z (2.2)

In the above equations V(z) is the speed of wind at height z above the ground, V;
is the reference speed at reference height z,, a is the power law exponent based on terrain
(generally smoother terrains have smaller value of a than rough terrains), V, is the shear

velocity, k is von Karman constant, z, is ground roughness constant for Logarithmic law.

Logarithmic law is more difficult to use than Power law and sometimes may
produce negative velocity when the height of the structure is less than the constant z,,,

therefore Power law is preferred for most engineering applications. However, both the

12



Power law and the Logarithmic law produce very similar profiles at low heights. Figure

2-1 shows the comparison of the wind profiles generated by the two relations.

120
- = =Power law

100

Log law

[o2e]
o

Height, z (m)
[e2)
o

20

0 0.5 1 1.5
V/V10

Figure 2-1: Comparison of Power law and Logarithmic law, adapted from (Holmes 2001)

The fluctuating component also known as turbulence is typified by brisk changes
in time and speed. A wind spectrum is required to estimate the fluctuating component and

1s discussed in the next section.

2.3.3 Wind spectrum

The fluctuating component of the wind or wind turbulence is the associated
fluctuation, in the instantaneous wind speed, about the mean wind speed. These
fluctuations are described by a probability density function defined in the frequency
domain, called the wind spectrum. It is a dimensionless number that describes the
frequency of dispersion of wind at mean speed V (Zielinska and Zarychta 2015). The
functions of the wind spectrum are empirically approximated based on analysis results of

field experiments. Two most famous wind spectra: the Kaimal spectrum (Kaimal et al.

13



1972) and Davenport Spectrum (Davenport 1961) are discussed in the following sections.

Kaimal spectrum is used in this research.

2.3.3.1 The Davenport Spectrum

Davenport’s spectrum is the power spectral density spectrum that does not depend
on height. He studied 70 spectra of horizontal gustiness of wind. The spectra were produced
at different mean wind speeds, heights above the ground, and the ground roughness. The

following empirical relationship was proposed for the spectrum of gustiness:

Sz(f) xXdf = 4kV12L4XdX (2.3)
(1+x)3 '

Where S,(f) is power spectrum at height z, f is frequency, V;is wind speed at
standard height of 10m, k is the drag coefficient with reference to mean velocity at 10m,
and x is equal to 1200f/V; ( where f/V; should be in cycles/meter), dx and df are a

small change in x and f respectively.

2.3.3.2 The Kaimal Spectrum

Kaimal (Kaimal et al. 1972) conducted an experiment in 1968 in Kansas that
involved measuring the wind speeds at three levels on a 105 ft. high tower. Fourier
technique was employed to calculate the spectra and the following relationship was

proposed by Kaimal:

5. 200zu .2
a\Jy2) = ——F
* U,(1 + 50 f]—f) 24)
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Where f'is the frequency in Hertz and z is the height above ground. U, is the mean
wind speed at height z and u- is defined as shear velocity and can be expressed as:

Uk
_ln(i)

A

U (2.5)

Where U, the velocity at height z in m/s, k is von Karman constant roughly equal
to 0.4. z is the height above ground and z, is terrain roughness coefficient. Higher the

roughness of terrain, higher is the value of z,. For open terrain it is roughly 0.035 m.

The advantage of Kaimal spectrum over Davenport spectrum is that it accounts the

dependence of spectrum on the height of the structure above ground level.

2.3.4 Wind speed distribution

Due to high computational requirements, the simulation of wind time history for
the entire year was not possible. So, a representative period of 60 seconds was selected to
calculate the fatigue damage. To evaluate the damage for the entire year a wind distribution
is required. It is a probability distribution function that represents the possibility of wind
occurrence at certain wind speed and in a certain direction. Multiplying this probability
function with the corresponding representative period would give the damage for the entire

year.

Joint probability function was used to calculate the probability of occurrence of
wind in a certain direction at a given mean speed. First, a basic statistical analysis was
performed to calculate the individual probabilities of wind in a certain direction and speed.

Then a conditional probability function was defined as the probability of occurrence of
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wind in a specific direction for a given mean speed. The joint probability of simultaneous

occurrence of wind in certain speed and direction can be found from the formula:

P(SND) = P(S) x P(D/S) (2.6)

Where P(S N D) is the joint probability of wind at certain speed and direction, P(S)
is the independent probability of wind at certain speed and P(D/S) is the conditional

probability of wind in a certain direction for a given speed.

2.4 Weld description

Welding is the process of joining materials using high heat to melt the parts and
allowing them to cool causing fusion. To add strength to the joint, in addition to the base
metal, a filler alloy is also added to the joint that form a molten pool which on cooling form
arigid joint. Welding also requires some form of shielding of the welding environment to
protect the molten metals from oxidation. Depending on the quality of weldment, the
welded joint can be stronger than the parent metal. However, an improper welding process
can introduce characteristics to the weldment like residual stresses, stress concentrations,
and imperfections, which adversely effects the strength of the joint. In the present study
the members of the sign structure are connected using tube to tube fillet welds. Such a fillet
welded tubular joint, because of varying cross section at the joint, has non-uniform stiffness
that causes stress concentration in the joint. When subjected to repeated loading cycles
these joints are prone to failure due to fatigue. Presence of weld defects such as voids,
residual stresses, inconsistent penetration further reduce their strength. Scanning Electron
Microscopy of the failed joints performed at the Centre of Material and Sensor

Characterization (CMSC) at the University of Toledo (Nims 2019) revealed that the
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deteriorated joints displayed characteristics of fatigue assisted crack propagation due to the
presence of high concentration of spherical voids that appeared to form an interconnected
network of microcracks. The extent of weld penetration was also found to be highly

variable and inconsistent. Figure 2-2 and Figure 2-3 shows the various weld inconsistencies

found during the study (Nims 2019).

Figure 2-2 Images of weld microscopy showing spherical voids and microcracks (Nims
2019)

Figure 2-3 Images of weld microscopy showing inconsistent weld penetration (Nims 2019)

2.5 Fatigue background

Fatigue is defined as the weakening of material by the cyclic application of loads.
Each cycle inflicts small amount of damage, and this damage accumulates with repetition
of load cycles ultimately resulting in the failure of the structure. Typical fatigue failure
surface exhibits two different cross section characteristics. A smaller smooth surface

reflecting instantaneous material failure. This is the region of crack initiation. Damage
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during this phase is hard to quantify as this is due to microcracks that cannot be easily
detected. Second zone is a much larger uneven and irregular surface due to slow material
failure. This is the region where crack, after initiation, propagates slowly along the
circumference until failure occurs. Damage during propagation can be quantified by

measuring the length of the crack.

Stress at which fatigue damage occurs is much less than the strength of the material
typically quoted as the yield strength or ultimate strength. If stresses are above a certain
threshold, microcracks begin to form at locations of stress concentration and eventually a
critical crack is initiated that, with repeating load cycles, gradually propagates to cause
failure. If the number of cycles at a stress range before failure, in other words the fatigue

life, can be accurately measured, such failures can be mitigated.

2.5.1 Fatigue strength assessment procedure

Since fatigue is a cyclic phenomenon, any fatigue assessment procedure involves
comparison of the repetitive action (stress range and their frequency of occurrence) that the
component or structure under consideration sustains during its life with the resistance it
can offer to these actions (cycles endured before failure). This action-resistance
relationship is usually expressed in terms of S-N curves. These curves relate the applied
cyclic stress range (S) to the number of cycles (N) at that stress range that cause failure. To
assess the fatigue life of a detail under constant amplitude stress range, number of cycles
of applied stress range (n) are compared with cycles to failure (N). In the case of variable
amplitude stress ranges, cumulative damage due to individual constant amplitude stress
cycles is determined. This requires conversion of variable amplitude stress history into

countable constant amplitude stress cycles (the process of cycle counting) and employing
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damage summation rule such as Palmgren-Miner rule. The location where stress in a detail
is monitored, and the associated S-N curve to be used depends on the type of assessment
being performed. (Maddox 2003) summarizes the following methods for fatigue

assessment of welded joints.

(a) Nominal stress approach in conjunction with S-N curve for specific
weld details

(b) Structural hot spot approach in conjunction with S-N curve for welds

(c) Effective notch stress approach I conjunction with S-N curves for
materials

(d) Fracture mechanics approach based on fatigue crack propagation

considerations

2.5.1.1 Nominal Stress Approach

Nominal stress is the stress calculated based on net cross section of the specimen.
Standard strength of material equations of bending and axial stresses is used. Nominal
stress in a component can be calculated with ease without any excessive error (Dexter, R.J.
and Fisher 1999). S-N curves to be used in conjunction with nominal stresses are obtained
from the laboratory testing of specimen containing the specific weld detail. Since the S-N
curve is unique to pre-defined weld details, the quantification of stress concentration effect
near the weld detail is not required. As a result, the design curves are used alongside the

nominal stress range near the weld detail.
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2.5.1.2 Structural hot spot approach

Hot spot stress is the stress in the structural component at the toe of weld. Hot spot
stress is used in complex structures where due to non-uniform stress distribution, structural
discontinuities, steep stress gradients, the definition of nominal stress is not obvious
(Dexter, R.J. and Fisher 1999). It is determined by extrapolating the stress distribution
approaching the weld as shown in Figure 2-4. Hot spot stress accounts for the stress
concentration effect due to structural detail but ignores the local notch effect of the weld
toe. This method also utilizes the resistance data based on S-N curves obtained from the
experimental tests on actual weld details. However, instead of nominal stress, the S-N data

is based on structural hot spot stress.

Stress 4

/ Notch Stress

Hotspot Stress

Structural Stress
/ / Nominal Stress

é Distance from weld toe

Figure 2-4: Stress profile near weld detail

2.5.1.3 Effective notch stress approach

Effective notch stress is the total stress at the weld toe considering stress
concentration effects from all the factors including local notch and obtained assuming

linear elastic material response. To avoid singularity due to re-entrant corners at the root
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of the notch, the real weld profile is replaced by an effective notch root radius of 1mm
(Hobbacher 2015). Since stress concentration from all the sources is included in the
available S-N curve, a single curve is enough for a given type of material. However, until
very recently this method does not appear is many design specifications and availability of

S-N curves based on notch stress for aluminum alloys is limited (Hobbacher 2015).

2.5.1.4 Fracture mechanics approach

This method is only applicable to the presumption that some flaw or defect (fatigue
crack) have been introduced in the structure during its so far endured service life. Such
flaws would be those detected by inspection or assumed flaws. Instead of representing
resistance in terms of the number of cycles endured before failure (as in previous methods),
this assessment procedure utilizes a crack growth rate to quantify the fatigue damage.
Detailed description of this method is beyond the scope of this study and can be found in

(Maddox 2003).

2.5.2 AASHTO S-N curves and fatigue classification

AASHTO support specifications recommend the use of nominal stress approach to
quantify the fatigue life of the structures. For this method to be applicable the high cycle
fatigue (HCF) should prevail that is the stresses should be within the elastic range and the
number of cycles should be greater than 1000. Since, natural wind gusts conform to these
criteria, the nominal stress approach is used in this study. An action-resistance relationship
or S-N curve, for the in-question weld detail, is required for this method. S-N curve is
simply a plot of a constant amplitude stress range, S, versus the cycles to failure, N. It

generally consists of a negatively sloped line segment that horizontals out at a certain stress
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level and corresponding failure cycles. The point where the curve horizontals out (the slope
becomes zero), marks the constant amplitude fatigue limit (CAFL) or fatigue threshold.
CAFL represents a constant amplitude stress range below which expected fatigue failure
will not occur. Analytical equation for a typical nominal stress S-N curve is given by the

following equation (Dowling 1993):

1
Ny =Cr X Sgm 2.7)

where
N; = number of cycles to failure;
Cr and m = constants dependent on the material and connection detail; and

Sg = constant amplitude stress range.

Derivation of the constants in equation 2.7 depends heavily on experimental testing
of different connection details and materials as well as their modifications to use in
practical scenarios. Laboratory testing is conducted on small specimens, which are cycled
to failure at various specific stress ranges. These specimens are constructed to be
representative of the specific connection detail for a specific type of material. AASHTO
support specifications classifies connection details into eight categories, A through ET.
Examples of details relevant to highway support structures are anchor bolts and U bolts
(Category D detail), column to base plate fillet weld (Category E detail), fillet welded tube
to transverse plate connection (Category E’ detail), fillet welded tube to tube connection
(Category E’ or ET detail). CAFL, for aluminum and steel, of the specified connection

details in support specifications is listed in Table 2-1. Although the support specifications
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specify the CAFL for both steel and aluminum, it does not specify S-N curves for aluminum
connection details. S-N curves for steel specified in AASHTO support specifications are
depicted in Figure 2-5. AASHTO LRFD bridge design specifications (AASHTO 2012)

provides S-N curves for aluminum but does not include the ET category weld detail.

Table 2-1: CAFL for AASHTO support specifications' detail categories

Fatigue Category CAFL for Steel CAFL for
(MPa) aluminum (MPa)
A 165 70
B 110 41
B’ 83 32
C 69 28
D 48 17
E 31 13
E’ 18 7
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Figure 2-5 S-N curves for AASHTO fatigue detail categories adapted from AASHTO
support specifications (AASHTO 2015)
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2.5.3 Mean stress effect

An important consideration while using the S-N curve approach to evaluate the
fatigue life is the effect of mean stress. Mean stress is defined as the average of maximum
and minimum stress during a fatigue cycle. The standard S-N curve data is generated
assuming a zero mean stress i.e. the load cycle is completely reversed about zero stress.
The stress ratio, R is defined as the ratio of minimum and maximum stresses in the cycle
and is representative of the mean stress. For a fully reversed loading (zero mean stress),

the value of R is -1. Figure 2-6 shows the representation of zero mean stress.

Jm [ 22 o

A A A
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\Jmin

Stress range

Figure 2-6: Stress cycles with zero mean stress

However, the conditions of fully reversed loading are rarely met in real engineering
problems. More complex and realistic loading often results in non-zero mean stress. To
account for this, a mean stress correction is applied to alternating stress. The obtained
‘effective’ alternating stress can then be used with zero mean stress S-N curves. Goodman
(Goodman 1899) proposed the following relationship for mean stress effect:

-0 (5257)
Ueff = 0q4 oy — O (28)
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Where o,f( is the effective alternating stress after mean stress correction, g, is the
actual alternating stress, a,, is the ultimate strength of the material and g, is the mean

stress.

2.5.4 Rainflow counting algorithm

Nominal stress-based S-N curve approach described above is based on constant
amplitude loading events. However, due to varying nature of wind, sign structures are
subjected to loading cycles of variable amplitude. Therefore, it is necessary to convert this
complex variable amplitude stress history into a series of constant amplitude load events.
Cycle counting is the process employed to convert complex stress histories into simpler
usable form. Several counting methods such as reservoir method, peak count method,
rainflow count method can be used for this purpose. Of all the counting methods available,
rainflow is the most popular because of the simplicity of its algorithm, and therefore is used

in this study.

The rainflow counting algorithm was first developed in Japan in 1968 and was later
adopted by American Society of Testing and Materials (ASTM) (Bannantine et al. 1990).
Its name comes from the analogy that when rotated by 90 degrees, the stress-time response
looks like a “pagoda” roof and the cycle count could be envisioned as raindrops falling
from the roof. In this study the MATLAB toolbox developed by A. Neislony (Nieslony
2009) was used to convert stress time histories into number of cycles of variable stress

ranges.
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2.5.5 Palmgren-Miner rule

When a structure is subjected to varying stress ranges that cause different degree of
damage to the structure, a damage summing method is required to predict the fatigue life
of the structure. Palmgren-Miner rule is a widely accepted rule to predict the fatigue life of
varying-amplitude loading. Proposed by Palmgren in 1924 and developed by Miner in 1945
(Bannantine et al. 1990), the procedure assumes that the damage contribution of any
particular stress range is a linear function of the number of cycles experienced by the
structure at that stress range. Linear addition of the damage contribution from all the stress
ranges that are applied on the structure gives the accumulated damage. Failure occurs when

the accumulated damage reaches unity.

If D; is the damage fraction due to a stress range of S;, n; is the number of stress

cycles at this stress range and D is the total damage factor then:

Dj=— (2.9)

D= Z D; (2.10)

where N;j is the number of cycles to failure at stress range Sy and can be found from

the S-N curve.

Although this method may be useful in many circumstances, it has certain
limitations. The most common limitation is its failure to account for the sequence effect of
stress ranges. It assumes that every cycle is a stress range causes equal damage independent
of the effects of previous stress ranges. However, in certain circumstances, low-stress

cycles followed by high-stress cycles are found to cause more damage than predicted by
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the rule (Eskandari and Kim 2017). Also, the procedure is independent of the average stress
in the cycle. However, when analysis is limited to the elastic region only (as is the case in
the present study), it is found that these factors have very little influence on the results
(Bannantine et al. 1990). AASHTO also specifies the use of Miner’s rule to calculate

accumulated damage.
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Chapter 3

Structural analysis

3.1 Description of Truss

The investigated truss is located at Alum Creek drive, Columbus, Ohio. The
coordinates of the site are 39°52'11.4"N 82°56'03.2"W. A google satellite view of the truss

is shown in Figure 3-1.

'ﬂ

Figure 3-1: Satellite image adopted from google
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The truss is a three-dimensional space frame having a span of 90 feet. Truss was
mounted over the steel supports using U-bolts at a height of 23 feet from the ground. Four
parallel aluminum chords run along a 4ft by 4ft grid to which aluminum diagonals are
welded at equal intervals. The chords of the truss are circular hollow tubes having outer
and inner diameters as 4.8125” and 4.3750” respectively. The diagonals are also hollow
pipes having 1.9375” and 1.5625” as outer and inner diameters respectively. After the

failure was observed, truss was dismantled and is shown in Figure 3-2.

Figure 3-2: Dismantled truss

The truss was erected in 1996. In the beginning, two traffic signs of size 12°x7.5’
and 13°x5.5” were mounted by 3-Z bar assemblies. These signs were later replaced by
smaller signs of size 5°%3’. A schematic diagram of old and new sign dimensions and their

mounted position is shown in Figure 3-3.
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23 16.5’

a4 12'x7.5' 13'x5.5

90’

Figure 3-3: Schematic diagram of old and new sign boards respectively

3.2 Visual inspection

A team of professors along with ODOT inspectors visited the site of failed truss to
examine the cracks and determine possible failure causes. Circumferential fractures were
observed at two adjacent locations on one end of the truss, at the weld junction of diagonals
and chord. Visual inspection of the fracture surface exhibited two different cross section
characteristics. A smaller smooth surface reflecting instantaneous material failure. This is
the region of crack initiation. A much larger uneven and irregular surface due to slow
material failure. This is the region where crack, after initiation, propagated slowly along
the circumference until failure occurred. This type of fracture surface exhibits a typical
fatigue failure and is depicted in Figure 3-4. However, there are several other factors that
can augment this rupture such as overloading, heat-zone effects, corrosion, weld defect etc.
Samples of good and bad regions were cut and retrieved to the university for material

testing.
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Figure 3-4: Fractured chord

3.3 SAP2000 modelling

As the first step in the investigation, a finite element model of the aluminum truss
is developed using commercially available SAP2000. Structure is modelled as 3D space
frame having a longitudinal span of 90 feet with chords spaced at four feet in both the
lateral directions. Truss members are modelled using 2 node continuous beam elements
whereas the sign boards are four node area elements. The small deformations due to wind
loading were assumed to cause elastic response. The welds between diagonals and chord
were modeled as fixed whereas the U-bold connections were kept pinned. Appropriate
section and material properties were assigned to all the components of the structure.
Material properties required for the linear elastic model are Young modulus, Poison’s ratio,
and material density. Sectional and material properties used in the model are shown in
Table 3-1. These properties were acquired from the drawings provided by the ODOT and
verified from field measurements. A geometry of the model with bigger sign boards along

with boundary conditions is shown in Figure 3-5.
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Table 3-1: Section properties and material properties

. Yield Young’s
Component Material Quts1de Wall strength  Modulus
diameter thickness . .
(ksi) (ksi)
Truss members
Chord Aluminum 5.50” 0.250” 35 10100
Vertical diagonal ~ Aluminum  1.90” 0.145” 35 10100
Horizontaland = invm 2,007 0.188” 35 10100
Internal diagonal
Support structure

Column Steel 8.00” 0.889” 50 29000
Bracing Steel 2.37” 0.154” 50 29000
Split-tee Steel WT4°X6.5” 50 29000

Figure 3-5 Finite element model of the truss along with boundary conditions
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Once the model was generated, following types of linear elastic analysis were

performed. The results from each analysis are presented in the subsequent sections.

1. Modal analysis
2. Linear static analysis under equivalent static wind loads and gravity loads

3. Linear static analysis under equivalent static pressure range (fatigue)

3.3.1 Modal analysis

Dynamic characteristics of a structure are greatly influenced by its support
conditions. Therefore, a modal analysis was performed to evaluate the dynamic behavior
of the model given varying support conditions. The two support conditions used in the
modal analyses were “fixed” base and “pinned” base. First four mode shapes for fixed base

are shown in Figure 3-6.

Mode 1: This is the longitudinal motion of the truss developed entirely due to the
deformation of supports. It is excited by the loads acting across the load and longitudinal
to the span of the truss. Due to the slim profile of truss in this direction, it is difficult to

excite this mode, to any considerable extent, due to wind gusts.

Mode 2: This is the horizontal motion of the truss in the direction of the road. It is
excited by loads perpendicular to the span of the truss. Major portion of wind gust on sign
boards and truss profile acts perpendicular to span, therefore this mode is most easily

excited.

Mode 3: This is the vertical motion of the truss caused due to a combination of
bending of truss and support columns. Component of wind gust acting perpendicularly

upwards or downwards to roadway can excite this mode.
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Mode 4: This is the twisting motion of the truss and supports under wind load. This

mode has a considerably higher frequency of vibration than the first three modes.

| AR

(a) First mode: Elevation view of longitudinal (across road) motion,
f=3.57 Hz

(b) Second mode: Plan view of horizontal (along road) motion, f=4.59

(c) Third mode: Elevation view of vertical (perpendicular to road)
motion, f=5.31 Hz

(d) Fourth mode: Plan view of twisting motion, f=11.31 Hz

Figure 3-6:(a) to (d)- First four mode shapes for fixed base case

Table 3-2 show the comparison of natural frequencies, for the first 10 modes, found
in fixed and pinned base case. It is evident from Table 3-2 that natural frequencies in modes
two through five are almost the same for the two cases and support conditions contribute
little to the dynamic behavior of the structure. Effect of support conditions in higher modes

can be ignored as these modes will not be excited in the current analysis. It is a valid

34



assumption as the wind loading used in the subsequent analyses is generated using Kaimal
spectrum, which employs frequencies of less than 10 Hz to account for the wind turbulence.
The large variation in frequency of vibration of mode 1 lies in the fact that this mode is
governed by the lateral sway vibration of the support columns and is, therefore, directly
affected by the support conditions. However, as mentioned above, to excite this mode
structure need to be loaded with a loading that is longitudinal to the span of the structure.
It is possible that some component of the wind gusts acts parallel to the longitudinal chords
of the truss to excite this mode, but the available surface area for such a loading would be

extremely small to cause any damaging stress cycles in the structure.

The above discussion highlights the fact that the support conditions at the base have
little influence on the dynamic behavior of the structure as applicable to this study.

Therefore, the bottom of the structure was modeled as fixed for all the subsequent analyses.

Table 3-2: Frequency of vibration form modal analysis assuming "fixed" and "pinned"
base conditions

Vibration mode Frequency of vibration (Hz)

Fixed base Pinned base
1 3.57 1.67
2 4.59 441
3 5.31 5.11
4 11.31 11.03
5 11.72 11.71
6 13.42 12.98
7 13.76 13.27
8 16.36 14.07
9 19.25 14.46
10 20.73 15.23
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3.3.2 Static wind analysis

Equivalent static wind loads were calculated in accordance with AASHTO-LRFD
2015 to be applied on the truss. Code proposes the following equation to calculate the wind

pressure.

gn = 0.00256 X K, X K; X G X V2 X Cy (psf) (7.1)

Where K, is height and exposure whose value is 0.92 for a height of 23 ft and
exposure condtion C as applicable for this truss. Kq is wind directionality factor whose
value is 0.85 for overhead trusses. G is the gust effect factor equal to 1.14. V is basic wind
speed at the location and is equal to 110 mph for Columbus. Cq is the drag coefficient that
depends on the geometry of the member and is calculated to be equal to 1.19 for solid sign

boards and 1.20 for tubular trusses.

The pressure calculated from the above equation is converted into distributed load
by multiplying it by the diameter of the members. However, it is applied as pressure to sign
boards. A summary of wind load applied on different components of the structure is

presented in Table 3-3.

Table 3-3: Static Wind load on truss

Component Wind load

Sign (uniform pressure) 1.58 kN/m?
Chord (UDL) 0.195 kN/m
Diagonal (UDL) 0.078 kN/m

Wind loads calculated above were applied to the structure in addition to gravity
loads due to self weight of structure and sign bords. Load combination of (0.9D + 1.0W)

was employed and a static linear analysis was performed. The results from the analysis
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were examined to determine the maximum stresses in the truss and to identify the critical
members. Since the members are subjected to both the axial and bending actions, the
maximum stresses in the members can be calculated by superimposing the stresses from

individual actions, as described below:

(7.2)

Q
I
o
[+
N| =

Where o = Total stress in the member
M = Bending Moment
P = Axial force
A = cross-section area
Z = section modulus about axis of bending

As expected the maximum stresses were found to occur at the end of the truss.
Major contribution was from axial stresses due to truss action Based on the location of
highly stressed joints and failue locations, select members were identifies as critical and
are shown in Figure 3-7. Chord members at failure locations have four times less stress
than the chord members opposite to them. Moreover chord members have higher CAFL
than diagonal members, and are less fatigue succeptible. Therefore they were excluded
from the list of critical memebers. Results for these critical members are presented in Table
3-4. The chord member C329 experiances the highest stress, however it is below the

allowable stress for welded Aluminum.
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Figure 3-7: Critical chord and diagonal members
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Table 3-4: Stresses in critical members for design wind and gravity loads

Member Stress (Small Stress (Large sign) % Reduction
sign) (ksi)
(ksi)
C329 53 11.9 55
C193 5.2 11.7 55
C280 4.6 10.5 56
C279 3.9 8.9 56
D71 53 11.8 55
D95 4.8 11.0 56
D24 1.7 3.9 56
D47 1.9 4.3 56
D97 1.8 4.1 56

Size of the sign board have considerable effect on the miximum stresses
experianced by the structure. Replacing the older bigger sign boards (sign area = 160 ft?)
with smaller ones (sign area = 30 ft?)- a reduction of around 80% is sign area- reduced the

maximum stresses by 55%.

3.3.3 Static fatigue analysis

The AASHTO fatigue design specifications are based on NCHRP Report 412
(Kaczinski 1998). The components of a sign structure should be designed for fatigue to
resist equivalent static loading due to natural wind gusts, galloping, vortex shedding and
truck-induced gusts. For infinite life, the stresses should not be greater than the constant
amplitude fatigue threshold (CAFL) listed for each detail category identified in AASHTO-
2015. The CAFL values applicable to truss details considered in this structure are listed in

Table 3-5.

Table 3-5: CAFL for different component details as per AASHTO-LTS

Component Detail category CAFL (ksi)
Chord E 1.9
Diagonal ET 0.44
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Since only the vibrations caused by natural wind gust are being considered in this
study, equivalent static fatigue load due to natural wind gusts only was applied to the
structure. AASHTO requires the structure to be designed to resist an equivalent static

natural wind gust pressure range of:

Pyw =52 X Cq XI5 (psf) (7.3)

where:
Ir = fatigue importance factor (1.0 for fatigue category 1)
5.2 = pressure (psf)

Cq = the appropriate drag coefficient based on the yearly mean wind velocity of

11.2 mph

The pressure range is applied as uniform pressure on sign boards and as distributed
load on truss members. Table 3-6 shows the magnitde of load ranges applied to different
components of the truss. Stresses obtained as a result of applied pressure ranges in the
critical members are presented in Table 3-7. Chord members are found to have stresses that
are lesser than the CAFL for category E, whereas all the diagonals members see higher

stresses than allowed by the code.

Although diagonal members exceed the codal limit for fatigue, it is expected as the
design of the truss is in accordance to AASHO specifications for the design and
construction of structural supports for highway signs, 1961 (AASHO 1961). The fatigue

design criteria were almost non-existant at that time. Also the coefficient of drag used to
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calculate the pressure is based on yearly mean velocity of 11.2 mph which is conservative

for Columbus region that has an annual average wind velocity of 8.3 mph.

To accurately assess the fatigue performance of the structure, detailed fatigue life
evaluation based on wind load history generated from past wind data is carried out and is

discussed in the next chapter.

Table 3-6: Load range applied to truss members and sign boards

Component Wind load
Sign board 5.72 psf
Chord 2.26 plf
Diagonal 0.90 plf

Table 3-7: Stresses in members from pressure range due to natural wind gust

Member Stress Detail CAFL
(ksi) Category (ksi)
C329 1.65 E 1.9
C193 1.65 E 1.9
C280 1.60 E 1.9
C279 1.60 E 1.9
D71 1.65 ET 0.44
D95 1.61 ET 0.44
D24 0.65 ET 0.44
D47 0.61 ET 0.44
D97 0.58 ET 0.44
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Chapter 4

Fatigue analysis

4.1 Fatigue life evaluation

Analytical procedure performed to obtain estimated fatigue life of critical details is
described here. Following steps were performed to calculate the accumulated damage of

the members and their expected life.

4.1.1 Distribution of wind

Data for 10 years of daily wind speed and directions were obtained from the
National Climatic Data Centre (NCDC). Wind data were clustered into 5 mph bins varying
from 0-30 mph wind speeds. This range was selected based on the analysis of daily average
wind data collected from NCDC. The frequency of occurrence of wind speeds in Columbus

based on the data from the past 10 years is shown in Table 4-1.

The probability of occurrence of wind speeds higher than 30 mph is less than 0.1%
and would be responsible for very few numbers of stress cycles, therefore they were
excluded from the spectrum of wind distribution. Similarly, the directions of wind flow

were also divided into eight bins of 45 degrees each, corresponding to four cardinal and
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four inter-cardinal directions. The resulting histograms of wind speed and direction

distribution are shown in Figure 4-1 and Figure 4-2 respectively.

Table 4-1: Probability of occurrence of various mean speeds

Speed (mph) No. of occurrences Probability of occurrence
5 98015 38.15%
10 102666 39.96%
15 36852 14.34%
20 13474 5.24%
25 4817 1.87%
30 856 0.33%
35 173 0.07%
40 40 0.02%
45 11 0.00%
50 1 0.00%
55 2 0.00%
45% A
40.0%
40%
Q
S 35% A
e
3 30% -
o
S 25% -
Z 21.0%
E 20% 1 17.2%
0 ..o 14.3%
& 15% ~
10% A
5.2%
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0% . — .
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Figure 4-1:  Probability distribution of wind speeds

43



25% A

22.0%

20%
]
O
S 16.3% 16.5%
5
S15% A
o
(Y.
o
Fy 10.0% 10.4% 10.0%
510% - 8.7%
S
e 6.2%
[a

5% - I

0% T T T T T T

North  North East East South East South South West West North West

Wind direction
Figure 4-2 Probability distribution of wind directions

A basic statistical analysis was performed to calculate the probability of occurrence
of a specific speed and direction. Joint probability function was used to calculate the
direction for a given speed of the wind and is shown in Table 4-2. Since in the field, the
structure was oriented in East-West direction, only the wind speeds having components in
either north or south directions would hit the structure. North and South cardinal wind
would hit the truss face front and therefore a 100% contribution of these probabilities is
considered. However, the wind flowing in sub-cardinal directions would hit the truss at an
angle and therefore only 50% contribution to fatigue damage is considered from these wind
speeds. Wind speeds in the direction of cardinal Ease and West are assumed to have a
negligible effect on the truss as the area of the structure perpendicular to these directions

are minimal.
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Table 4-2 Joint probability distribution of wind speed and direction

Wind speed (mph)
5 10 15 20 25 30
N 1.61% 4.15% 1.80% 0.53% 0.10% 0.01%

NE 2.82%  5.00% 1.01%  0.21%  0.04%  0.00%
E 2.86%  4.22%  0.75%  0.09%  0.01%  0.00%
Wind DirectioSE 230%  297%  039%  0.10%  0.02%  0.00%
S 516%  9.08%  3.06%  0.92%  0.28%  0.04%
SW 298%  5.85%  2.40% 1.16%  0.54%  0.12%
W 1.74%  4.96%  3.15% 1.60%  0.69%  0.14%
NW 1.52%  3.74% 1.78%  0.64%  0.19%  0.02%

4.1.2 Wind load time history

As discussed in section 2.3.4, it is computationally very expansive to model
transient wind load for the entire year. So, a representative time that is long enough to
satisfactorily capture the fluctuating nature of wind need to be established. A wind
spectrum assumes that over a period the statistical characteristics of wind can be regarded
as constant. To further verify this assumption instantaneous wind velocities for durations
of time varying from five seconds to one hour were generated and statistically compared.
Figure 4-3 displays the instantaneous wind velocities for different periods of time sampled
at 10 Hz. Mean and standard deviation of the different plots is shown in Error! Reference
source not found.. From table, it is evident that the statistical variations of wind velocity

are independent of the duration of time for which it is generated.

Table 4-3  Statistical comparison of wind speeds generated for different periods of time

Time duration (seconds) Mean Standard deviation
5 4.25 0.33
60 4.24 0.32
600 4.24 0.32
3600 4.25 0.32
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Figure 4-3: Wind velocities for various representative times

Also, once the representative time was established, it was important to verify the
frequency content of the generated wind velocity profile. In section 3.3.1 it was assumed
that frequency modes higher than 10 Hz would not be excited in the present study. So, it is
necessary that the frequency content of the generated wind profile is within the assumed
limits. The wind profile for 60 second period was passed through a Fast Fourier Transform
(FFT) and the plot is displayed in Figure 4-4. It is evident from the figure that the no
frequency content of the wind velocity is greater than 5 Hz. Therefore, the generated wind

velocity profile could be safely used to model the wind load on the structure.
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Figure 4-4 Plot of Fast Fourier Transform of 60 second wind velocity

A representative period of 60 seconds was selected to develop the transient wind
load history to be applied to the structure. The effect of a given duration of time can be
evaluated by multiplying the effect of 60 second period by the number of 60 second periods
occurring in the given time. The scope was to model the turbulent nature of the wind in
horizontal direction. As discussed earlier, the instantaneous wind speed can be considered
as a resultant of two components: a mean component V and a fluctuating component v’ (t).
Wind speeds ranging from 5Smph to 30mph at an interval of 5 mph were used. Mean
component V of wind at the height of the truss (23 ft) was calculated using the power law.
The fluctuating component v’(t) can be found by using either Constant Amplitude Wave
Superposition (CAWS) or Weighted Amplitude Wave Superposition (WAWS) (Iannuzzi
et al. 1987). WAWS method is used in this research and it gives the following equation to

calculate the fluctuating component:
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v'(t) = z JZSeafbF X cos(2ufit + ) @.1)
k=1

Where v’ (t)is the fluctuating component of wind, f;, is the frequency at time t, Sy,
is the Kaimal spectrum constant, Af is the frequency increment, ¢, is the phase angle

distributed randomly between 0 and 2, and N is the total number of time increments.

After summing the two components, the wind pressure P(t) to be applied on the

structure can be calculated as:

P(O) =3 pCaV (O (82)

where V(t) is the instantaneous velocity (sum of mean and fluctuating

components), p is the air density, and C, is the coefficient of drag.

A MATLAB script, to implement the above procedure, was written and is included
in the Appendix. The flowchart of the MATLAB program is shown in Figure 4-6. It
generated wind pressure as a function of time at various mean wind speeds which was then
read into the SAP2000 as a transient load. Figure 4-5 shows the plot of wind pressure versus

time for various wind speeds.
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Figure 4-6: Flowchart of MATLAB program for wind time history
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4.1.3 Nominal stress history

Once the pressure generated in the above step was applied to the structure and
analysis was performed, stress history of any member for 60 second period can be extracted
from the results of the analysis. Nominal stress assessment requires establishing a reference
point on the member where stress is not affected by weld detail and investigating the stress
distribution adjacent to weld detail. Nominal stress at the weld detail is then calculated
based on reference stress and slope of the stress distribution away from the weld detail.
However, if the stress distribution along the member is uniform as is the case in a tubular
truss, nominal stress is the same as reference stress. Also, a “stick model” (like SAP2000)
does not account for stress variations due to weld detail, so any value of maximum sectional
stress near the weld detail would give the required nominal stresses. Nominal stress history
for 60 second period at various mean speeds was extracted for all the critical members.
This obtained nominal stresses are then amplified using Goodman relation (equation 2.7)
to account for mean stress effect. Figure 4-7 represents the nominal stress history of

Member 95 (see Figure 3-7).
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Figure 4-7: Nominal stress history for 60 second period of Member 95

4.1.4 Damage calculation and Life estimation

As described in section 2.5.4, the obtained variable amplitude stress history needs
to be converted into constant amplitude stress events before fatigue life can be evaluated.
Rainflow counting algorithm is used for this purpose. Mat-lab script developed by
(Nieslony 2009) and available to download on MathWorks website

(https://www.mathworks.com/matlabcentral/fileexchange/3026-rainflow-%counting-

algorithm) was used to count the number of cycles in variable amplitude stress history. The
input for the script is a text file containing the stress time history of individual members.
The rainflow algorithm reads a history of peaks and valleys of stress data, in sequence, and
groups together the stress cycles of similar magnitude. The output is a histogram of the

count of cycles of different magnitude.
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Once the variable amplitude stress history is broken down into a series of constant
amplitude stress events. Miner’s rule is applied to calculate the accumulated damage from

these stress ranges.

The damage fraction D; due to a stress range of Siis given by:

(8.3)

. Z ” (8.4)

Where n; is the number of stress cycles at the stress range S; (obtained from
rainflow counting) and N; is the number of cycles to failure at stress range S; (can be found
from above equation). The total damage is found by summing the individual damage from
every cycle. The total damage caused by the 60-second wind load for various mean wind

speeds in critical members is shown in the table below:

Table 4-4: Damage factor for 60 second wind load

Wind Damage factor Di

speed Member 24 Member 47 Member 71 Member 95 Member 97
5 1.3E-12 9.2E-13 2.1E-11 3.2E-11 1.1E-12
10 1.3E-10 8.9E-11 2.1E-09 3.2E-09 1.1E-10
15 1.8E-09 1.3E-09 3.1E-08 4.6E-08 1.6E-09
20 1.2E-08 8.4E-09 1.9E-07 3.0E-07 1.1E-08
25 5.0E-08 3.8E-08 8.5E-07 1.3E-06 4.5E-08
30 1.9E-07 1.4E-07 3.2E-06 4.8E-06 1.7E-07

Sum 2.5E-07 1.9E-07 4.2E-06 6.4E-06 2.3E-07

Because the load on the model, was applied only for a 60 second period, the number

of such periods over one year (525600) was found. Also, since the structure is oriented in
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East-West direction in the field, only the wind speeds having components in North-South
directions would cause damage in the structure. So, the number of 60 seconds time periods
in one year was multiplied by the probabilities associated with the appropriate directions
as described in section 4.1.1, to give the effective number of 60 second periods per year

experienced by the structure and is shown in Table 4-5 below.

Table 4-5: Number of effective 60 second periods for various mean wind speeds

Wind speed Effective 60s periods/year
5 60194
10 115507
15 39310
20 12709
25 3919
30 595

Finally, the damage caused in one year is found by multiplying the summed damage
at a specific wind speed by the number of effective 60 second periods/year of the
corresponding wind speed. The life expectancy of the member can be calculated by
dividing the total damage by one and is shown in Table 4-6. The horizontal diagonal at the
top is found to be most critical with an expected fatigue life of 72 years which exceeds the

expected service life of the truss (typically 50 years).

Table 4-6: Yearly damage for various wind speeds and expected life of critical members

Wind Total damage

speed Member 24 Member 47 Member 71  Member 95 Me;‘;ber
5 7.6E-08 5.5E-08 1.3E-06 1.9E-06  6.8E-08
10 1.5E-05 1.0E-05 2.4E-04 3.7E-04 1.3E-05
15 7.1E-05 5.2E-05 1.2E-03 1.8E-03 6.4E-05
20 1.5E-04 1.1E-04 2.5E-03 3.8E-03 1.4E-04
25 1.9E-04 1.5E-04 3.3E-03 5.1E-03 1.8E-04
30 1.1E-04 8.3E-05 1.9E-03 2.8E-03 1.0E-04

Sum 5.4E-04 4.0E-04 9.1E-03 1.4E-02  4.9E-04

Life (years) 1839 2494 110 7 2035
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Although the results show that the critical members have fatigue life greater than
the expected service life, it cannot be concluded with 100% certainty that the structure
would not sustain fatigue damage. The present analysis is carried out with the assumption
that the weld connection between the chord and diagonal is flawless, which may not always
be true. A survey conducted at University of Pittsburgh (Rizzo and Zhu 2010), asking the
state DOTs to identify common problems that have occurred in highway sign support
structures in their jurisdiction, resulted in several agencies reporting cracks in welds and
loose or missing bolts. Also, the material investigation (electron microscopy) of the current
truss conducted in the Centre for Materials and Sensor Characterization (Nims 2019) found
poor quality welds with voids evident throughout the weld material. A debilitate connection
like this is prone to fatigue failure and should be closely examined for fatigue cracks when
performing the inspection of the support structures. To assess the effects of this weakening
of the joints due to the poor quality of connections on the overall fatigue performance of
the structure, fatigue life evaluation of the truss under simulated damaged states was carried

out and is described in the next section.

4.2 Fatigue life in damaged state

This section deals with the fatigue life assessment of the truss in simulated damaged
states. During the field inspection of the truss, two joints at the end of the truss were found
to have failed. These joints were selected to introduce simulated damage in the truss. Three
different damage scenarios — two with individual top and bottom joints damaged
respectively, and third with both joints damaged — were considered. Damage at joints was

simulated by reducing Young’s Modulus (E) of the members forming the joint. If a member
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is damaged at one end but sound on another, its E was reduced by 50% however, if a
member is damaged at both ends, its E was reduced to zero. A reduction is E signifies that
these members now have a lower load carrying capacity than they previously did. This
would lead to a redistribution of stresses in the other members which is expected to affect
the fatigue life of critical members. The three damage states along with affected members

are depicted in Figure 4-8 through Figure 4-10.

Figure 4-8: Damage scenario 1- Top joint damaged
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Figure 4-9: Damage scenario 2- Bottom joint damaged

Figure 4-10: Damage scenario 3- Both joints damaged
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4.2.1 Results

Similar procedure as described in section 4.1 was used to assess the fatigue
performance in all the three damage scenarios. Fatigue life of the members shown in Figure
3-7 was evaluated again. This allowed comparison of damaged and undamaged scenarios.
Results of fatigue life of critical members in damage scenarios one, two and three are

shown in Table 4-7, Table 4-8, and Table 4-9 respectively .

The effective fatigue life of the structure in the three cases is found to be 65 years,
67 years and 64 years respectively which is only about 10% lower, then the fatigue life of
undamaged structure (72 years). This shows that the truss is quite redundant and can sustain

some damage without affecting the overall fatigue life of the structure.

Table 4-7: Fatigue life of critical members in damage scenarion-1 (Top joint damaged)

Total damage
Wind speed
Member 24 Member 47 Member 71 Member 95 Member 97
5 8.0E-08 4.3E-09 2.1E-06 1.9E-06 8.5E-09
10 1.6E-05 8.1E-07 4.1E-04 3.8E-04 1.6E-06
15 7.5E-05 4.0E-06 2.0E-03 1.9E-03 8.1E-06
20 1.6E-04 8.5E-06 4.1E-03 3.9E-03 1.7E-05
25 2.1E-04 1.2E-05 5.6E-03 5.2E-03 2.2E-05
30 1.2E-04 6.5E-06 3.2E-03 2.9E-03 1.3E-05
Sum 5.7E-04 3.2E-05 1.5E-02 1.4E-02 6.2E-05
Life (years) 1741 31696 65 70 16214
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Table 4-8: Fatigue life of critical members in damage scenarion-2 (Bottom joint damaged)

Total damage
Wind speed
Member 24 Member 47 Member 71 Member 95 Member 97
5 7.1E-09 5.8E-08 2.1E-06 2.0E-06 8.9E-09
10 1.4E-06 1.1E-05 4.1E-04 3.9E-04 1.7E-06
15 6.8E-06 5.4E-05 2.0E-03 1.9E-03 8.3E-06
20 1.5E-05 1.2E-04 4.0E-03 4.0E-03 1.8E-05
25 1.9E-05 1.5E-04 5.4E-03 5.3E-03 2.4E-05
30 1.1E-05 8.6E-05 3.1E-03 2.9E-03 1.3E-05
Sum 5.3E-05 4.1E-04 1.5E-02 1.5E-02 6.5E-05
Life (years) 19003 2414 67 69 15390

Table 4-9: Fatigue life of critical members in damage scenarion-3 (Both joints damaged)

Total damage

Wind speed
Member 24 Member 47 Member 71 Member 95 Member 97
5 7.5E-09 4.5E-09 2.2E-06 2.0E-06 -
10 1.5E-06 8.3E-07 4.2E-04 3.9E-04 -
15 7.3E-06 4.2E-06 2.1E-03 1.9E-03 -
20 1.6E-05 9.0E-06 4.3E-03 4.1E-03 -
25 2.0E-05 1.2E-05 5.7E-03 5.4E-03 -
30 1.1E-05 6.7E-06 3.3E-03 3.0E-03 -
Sum 5.6E-05 3.3E-05 1.6E-02 1.5E-02 -
Life (years) 17854 30757 64 68 -

A comparison of the fatigue lives of critical members in undamaged and damages
scenarios is presented in Table 4-10. Member 47 & 97 in scenario-1, member 24 & 97 in
scenario-2, and members 24 & 47 in scenario-3 experience a more than tenfold increase in
fatigue live in comparison to the undamaged structure. This is because these members
constitute the damaged joint and their load carrying capacity was reduced to force the
redistribution of stresses in the truss. All the other members that were not involved in the
simulated damage, shows a decrease in fatigue life that varies from 2% (member 95 in

damage scenario-1) to 42% (member 71 in damage scenario-3). However, the overall
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fatigue life of the truss sees a reduction of 8.5%, 6.4%, and 11% in damage scenarios one,

two, and three respectively.

Table 4-10: Fatigue life comparison of undamaged and damages states

Damage Fatigue life (years)

Scenario Member 24 Member 47 Member 71 Member 95 Member 97
Undamaged 1839 2494 110 72 2035
Scenario-1 1741 31696 65 70 16214
Scenario- 2 19003 2414 67 69 15390
Scenario- 3 17854 30757 64 68 NA
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Chapter 5

Conclusion

5.1 Summary

The importance of non-cantilevered support structures in highway transportation is
undeniable. With thousands of non-cantilevered trusses currently erected at various
highways, several of which are in later half of their service life, it is very important to
understand the behavior of these structures under different loading scenarios. This study
investigates the response of an in-service non-cantilever highway truss on Alum Creek
Drive at the interchange of Interstate 270, under the effects of natural wind gusts. A
transient wind load time history was generated using Kaimal wind spectrum. The sample
truss — a four chord box type — was modeled in SAP2000 and the wind loading time history
was applied to it. Critical members susceptible to fatigue failure were identified and their
stress time histories were extracted. Rainflow counting algorithm was employed to convert
the variable amplitude stress cycles into several constant amplitude stress events and
corresponding fatigue damage was evaluated using stress-life curves. Lastly, Palmgren
Miner’s rule of linear accumulation of damage was used to calculate the fatigue life of

critical members. Both undamaged and damaged scenarios were considered. Damaged at
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joints was introduced in the model by reducing Young’s modulus of the members and

therefore reducing their load carrying capacity.

The results of this analysis found the fatigue life of all the critical members to be
practically infinite. Undamaged state of the truss resulted in overall fatigue life of 141
years. Damages scenarios were found to have very little effect on the overall fatigue life of
the structure. Compared to the undamaged state, the fatigue life in all three damage
scenarios was reduced by less than 10%. Even though the findings of this report predict an
infinite life of the structure, it should be noted that this result is only valid with the
presumption that welded connections between members of the truss are sound and no

defect in weld quality is considered in the present analysis.

The methodology, to evaluate the fatigue life of the overhead support structures,
outlined in this study can easily be employed to any other type of structures as well.
Geometry and material properties of the new structure need to be accurately modeled in
any finite element software, wind speed distribution and wind load time history for the
required location can be developed as described in section 4.1.1 and section 4.1.2
respectively. Once the analysis is performed and stress time histories of critical members
are extracted, rainflow counting can be used to count stress cycles and finally appropriate
stress-life curve, for the connection detail in question, along with Palmgren Miner’s rule

can be used to evaluate the fatigue life of the structure.

5.2 Conclusions

The results from the analytical wind analysis suggest that:
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Maximum stresses in the truss occur at the two ends and are within the allowable
limit for welded aluminum specified by AASHTO support specifications.

Fatigue life of the truss, under the effect of natural wind gustsexceeds the expected
service life with the presumption that weld is sound. Structure is quite redundant
and a partial damage at one or two joints causes little effect on the overall fatigue
life of the truss.

Present fatigue analysis is performed assuming sound connections and no other
factor except natural wind effecting fatigue performance. Several other factors such
as diurnal temperature changes, truck gusts, subsequent corrosion of the members,
weld deterioration etc., might affect the overall fatigue life of the structure.

Both the visual inspection of the truss as well as the study performed by Nims
(Nims 2019) point to the fact that there were some problems with the weld
fabrication that might have caused the premature failure of the structure.

The findings of this study are specific to the analyzed truss. It is uncertain if the
same conditions prevail for other trusses is service. To gain an extended insight into
the possibility of failure of such trusses, a larger sample size needs to be studied.
As such, the structures should be closely inspected for any defects on regular basis.
Any damage found during inspection should be corrected to improve the

performance of the structure.
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5.3

Future work

The present study had several limitations due to time, resources, and scope of work.

Recommendations for future studies addressing the issue of overhead support structures

are made in this section.

Field instrumentation of the few representative structures can be done to gather
stress-strain response of the structure. A better estimation of stress time history of
the structure would allow the estimation of fatigue life with much more confidence.
Instead of the ‘stick’ model used in this study, a shell model of the truss can be
developed. This would allow a more sophisticated modeling of the connection
details and application of hotspot stress approach to assessing the fatigue life of the
structure. Hotspot stress method considers stress concentration due to local
geometry and is more accurate than the nominal stress method.

The analysis can be extended to other configurations such as a tube to gusset plate
connection or angle to angle connection. This would allow an inclusive comparison
of non-cantilevered support structures.

A parametric study addressing the effect of size on the fatigue life of tubular
connections can be performed as the specified S-N curves for tubular connections
are established based on experiments of a large specimen and do not account for
size effect when applied to slender tubes.

S-N curve for AASHTO fatigue category ET can be established through
experimental determination. This would result in improved fatigue life estimation

for this class of fatigue details.
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Appendix A

Al. Structural drawing of the truss
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A2. Mat-lab script for wind time history

%$This Mat-lab script is used to generate random wind load for 60 second
%period at various mean speeds. The generated load found at increments
%0f 0.1 would be saved as text files to be imported in SAP2000

%establish input data and variables

U=input ('Mean reference wind speed in mph: ') ;%mean reference wind speed
Z _truss = input ('Height of truss above ground in ft: '); Struss height

Ccd = 1.20; $Coefficient of drag
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A big = 7.525; %Average area of bigger Signs

A small= 1.394; %$Average area of smaller Signs

d chord= 0.122; $diameter of chord

T = 60.0; $Representative period(sec)

dt = 0.1; %Time increments (sec)

fL = 0.1; %$Lower spectrum frequency bound (Hz)

fH = 10; %Upper spectrum frequency bound (Hz)

df = 0.01; $Frequency increment (Hz)

al =7; $Power law exponent

K = 0.4; $The von Karman Constant (Liu, 1991)

z0 = 0.035; %$Terrain roughness for open terrain(m) (Liu, 1991)

%end of input
%Calculate mean component Uz at the height of truss
Z = 10.0; % Reference height (m)

Z truss = 7Z truss*12*0.0254; SConvert height of truss to m

U = (5280/3600*12*0.0254)*U; S%Smean reference speed (m/s)
Uz = U*((Z_truss/z1l)"(1/al)); %$Mean speed at truss height

%Creat spectral array of Kaimal spectrum using “for” loop

Ustar = K*Uz/(log(Z/z0)); %$Shear velocity U*
Numl = 200.0*Z truss*Ustar”2; %Numerator of equation 2.4
i =1;
for f=fL:df:fH; %f is the frequency array
Num2 (i) = Uz*(1.0+(50.0*f*Z)/(Uz))"~(5/3); %denominator of equation 2.4
Sf (i) = Numl/Num?2 (i) ; %Kaimal spectrum array
i= i+1;
end

%Use WAWS method to calculate fluctuating component v’ (t)
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time=0:dt:T; %time series of 601 time steps (60 seconds)

freg=fL:df:fH; sfrequency array
phi=2*pi*rand(1,991); %an array of random numbers from 0 to 2*pi

for t=1:1:601;
sum(t)=0;
for j=1:1:991; $Length of frequency array
v(t)=((Sf(3)*freq(j) *df) *0.5) *cos (2.0*pi*freq(j) *time (t)+phi(3));
%calculate the turbulent wind speed
sum(t) = (270.5)*v(t) + sum(t):; $running sum of v’ at all times

end

V(t)=sum(t)+Uz; $sum both mean and fluctuating components of wind
Pressure (t)=0.5*1.20*Cd* (V(t) "2); %Calculate pressure
Pressure chord (t)=d chord*Pressure(t)/1000; %chord UDL in kN/m
end
tl=rot90 (time, 3) ;
p=rot90 (Pressure, 3) ;

pc=rot90 (Pressure_ chord, 3);

save ('C:\Users\AbdullahHaroon\OneDrive\School\Research\Sign
project\Fatigue\life evaluation\wind time history\time step.txt',6 'tl','-

ASCII'")

save ('C:\Users\AbdullahHaroon\OneDrive\School\Research\Sign
project\Fatigue\life evaluation\wind time history\pressure.txt','p', '~

ASCII')

save ('C:\Users\AbdullahHaroon\OneDrive\School\Research\Sign
project\Fatigue\life evaluation\wind time history \pressure chord.txt'

, 'pc', '-ASCII")
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A3. Mat-lab script for rainflow counting and damage calculation

%This script imports a data file containing time histories of individual
$members for all mean speeds and uses rainflow counting to calculate
%damage fractions. Rainflow counting algorithm used in this %script is
%adopted from the code written by Adam Nieslony (Nieslony 2009)and
%available to download from MathWorks website
% (https://www.mathworks.com/matlabcentral/fileexchange/3026-rainflow-

%counting-algorithm)

x = importdata ('TH text\97.txt'"); $import stress time history
for i= 1:1:6 %create 6 arrays for all mean speeds

b=x(1+(i-1)*601:601*1);

y = sig2ext (b); $Adopted from Nieslony 2009

rf = rainflow(y); $Adopted from Nieslony 2009

s = size(rf,2);

c = ones(1l,s)*290;

eff stress = rf(2,:)*(c/(c-rf(3,:))); %Goodmen’s relation for

seffect of mean stress
eff stress ksi = eff stress*0.1450377;

deno=eff stress ksi.”3.2895;
num=ones (1,s)* (1.17*10"7);

N = num./den; %Failure cycles (Ni)
D =rf(3,:)./N; %$damage fraction (ni/Ni)
d(i,:)= sum(D); %total damage at any mean speed
d(i,:)
end;
x1lswrite ('damage97.xlsx"',d) %$Save damage to excel file
Total damage = sum(d)
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