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FATIGUE LIFE ESTIMATION OF A HIGHWAY SIGN STRUCTURE
Jennifer Kacin, M.S.

University of Pittsburgh, 2009

Sign structures stand along every highway and interstate across the country in order to guide
motorists to their destination. Such structures are repeatedly subjected to natural wind gusts and
gusts from vehicles passing underneath. Over time, the members within the structure may begin
to succumb to fatigue due to this cyclical loading, in the form of cracks in the members and in
the connections. The goal of this project is to determine the fatigue life of an overhead four-
chord truss sign structure located in Pennsylvania in both a damaged and undamaged state. A
finite element model of the structure was made using commercial software and a time varying
natural wind load was applied to it. The stress history of critical elements was then extracted
from the model’s solution. Complete stress cycles were counted and then a linear damage
accumulation method was used in order to find the fatigue life in the critical members. The non-
damaged structure’s critical members were found to have an infinite fatigue, as were the
damaged structure’s critical members. Despite this, members with welded connections should

still be closely monitored during inspection because they have the highest potential for failure.
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1.0 INTRODUCTION

1.1.1 Motivation

Overhead and bridge sign support structures can be found along any major highway across the
United States. These structures support signage that helps commuters navigate their way.
Highway sign structures are multi degree of freedom (MDOF) systems that come in many
different shapes and sizes. The signage consists either of standard aluminum flat signs or
variable message signs (VMS). Types of sign structures range from a single pole cantilevered
over the highway to a four chord truss structure spanning several lanes of traffic.

Cantilevers are made of a mast arm extending out over the roadway supported by a single
roadside column, typically a single or double pole or a box-truss structure. The vertical columns
are referred to as uprights, posts, or poles. The horizontal part of the structure is referred to as the
mast arm (usually in reference to a monotube, that is a single tube without joints), the truss (for
other than monotubes), or the cantilever.

In the fourth edition of the Standard Specifications for Structural Supports for Highway
Signs, Luminaires, and Traffic Signals (AASHTO 2001), structures supported on both sides of
the roadway are referred to as bridge supports. Bridge supports are also called span-type
structures, sign bridges, or overhead structures (although this latter term is sometimes used to

describe both cantilever and bridge supports) (Dexter and Ricker 2002). The roadside columns



that support the mast range from single poles to box-truss structures. Vertical uprights can form
a truss that is composed of two chord members braced by web members using similar member-
to-member connections as in the overhead truss-type structure.

Cantilevered support structures can be an attractive option because the cost is typically
less than 40 percent of the cost of bridge supports. Also, the single upright increases motorist
safety by reducing the probability of vehicle collision (Dexter and Ricker 2002).

During the past two decades, these simple structures have shown underlying problems
associated with their reduced fatigue performance. Defective welds, aging material, and harsh
environmental conditions (particularly wind loading) have exacerbated these problems. In
general, highway sign supports must withstand in-service dynamic loads, which constitute the
fatigue environment. Sources of these loads include natural winds, artificial gusts created by
passing vehicles, and vibrations induced into bridges by passing vehicles (for sign supports
mounted on a bridge). Most of the underlying problems involve cracks induced into welds by
fatigue loading. Generally, cracks are found propagating within a fillet weld or at the toe.
Depending upon the amount of time the crack has had to grow, these cracks can propagate into
the main supporting member (e.g., the chord of a truss).

While identifying cracks in these structures is the first step in addressing the problem,
determining the residual lifetime will lead to an optimal cost solution (repair, retrofit, or
replacement), especially if the crack is identified at an early stage before it has propagated into
the supporting member. The failure of these sign structures may cause traffic delays or car
accidents that can lead to serious injuries.

In the past year alone there have been at least 2 sign structure failures. On October 5,

2008 a drunk driver skidded sideways into an overhead sign support structure on Route 1 in



North Carolina causing it to collapse (Driver 2008). On July 7, 2008 a cantilevered structure on
I-65 in Tennessee fell onto the highway due to a crack at the base of the support pole, as seen in
Figure 1-1. TDOT’s early investigation indicates that prolonged exposure to gusts may have
caused this failure (Finley 2008). Additionally, excessive vibration due to wind gusts has been
documented in both New Jersey and Florida (Johns and Dexter 1998).

In order to avoid a situation like that seen in Figure 1-1, the American Association of
State Highway and Transportation Officials (AASHTO) lists four types of wind fatigue design
loads in the 2001 Standard Specifications for Structural Supports for Highway Signs, Luminaries
and Traffic Signals: galloping, vortex shedding, natural wind gusts, and truck induced gusts (also

known as buffeting).

Figure 1-1 Collapse of cantilevered structure along I-65 in Tennessee

These four are included in order to “avoid large-amplitude vibrations and to preclude the
development of fatigue cracks in various connection details and at other critical locations”
(AASHTO 2001). A basic definition as given in the AASHTO 2001 specifications for each of
these wind loadings and phenomena is:

e QGalloping — results in large amplitude, resonant oscillations in a plane normal to the direction

of wind flow.



Vortex Shedding — Structural elements exposed to steady, uniform wind flows will shed
vortices in the wake behind the element. When the frequency of vortex shedding approaches
the natural frequency of the structure, significant amplitudes of vibration can be caused in a
plane normal to the direction of wind flow.

Natural Wind Gusts — The changing nature of the direction and magnitude of wind flow
against a sign structure can induce vibrations in the structure.

Truck Induced Gusts — As trucks pass beneath sign structures they may induce gusts on the
attachments mounted to the structure. Loads are induced in both the horizontal and vertical

directions, but those in the vertical direction are much more critical.

1.1.2 Project Goal

The aim of the research presented in this thesis is to develop a finite element model for an

overhead sign structure in order to: a) determine the effect of wind loads on the fatigue

performance; b) identify the elements of the structure prone to fatigue cracking; c) establish a

relationship between damage severity and residual fatigue lifetime. This was done by performing

the following steps:

1.

Review the algorithms utilized to model the action of wind on structures;

2. review the fatigue theories applied to dynamic analysis to determine residual fatigue life of

structures;

. formulate an accurate loading scenario that sign structures are subjected to while in service;
. identify the elements of the structures more prone to develop fatigue cracks;

. calculate the fatigue life of the critical elements under pristine conditions of the sign

structures;



6. calculate the fatigue life of the critical elements in the presence of simulated damaged
conditions.

In particular, steps 3 to 6 were accomplished by examining a real structure in the
Commonwealth of Pennsylvania. The damaged scenario was modeled by reducing the material
elastic properties of some components within the structure.

Fatigue failure can be identified as a structural failure under a repeated loading. It is not
caused by one application of loading, but rather by several over a period of time. Fatigue may
occur as either low-cycle or high cycle fatigue (Pun 2001). In low-cycle fatigue, there are large
cycles that cause plastic deformation and lead to a short life. Conversely, in high cycle fatigue
stress cycles occur in the elastic range. They are caused by low loads and allow for a longer life.
High cycle fatigue takes place in highway sign structures.

As a part of the study, a survey was sent to all state DOTs and all of the districts within
PennDOT to inquire about the most common problems observed in sign structures. Frequent
problems include cracks in welds between members, corrosion, and loose or missing bolts.
Cracks can be caused by fatigue and corrosion. Either cracks or missing bolts can shorten a
structure’s fatigue life, which can be defined as the number of stress cycles that a member may
sustain before failure occurs (Stephens 2000).

The response of the PennDOT districts to this survey found that the following types of
sign structures are used in Pennsylvania: overhead truss with single pole supports, overhead truss
with truss supports, cantilever with single pole, cantilever with double pole, monotube, pole
mounted VMS, and structure mounted signs. These types of signs structures are shown in Figure

1-2.
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1.1.3 Thesis Organization

Chapter 2 presents a literature review of past research related to fatigue in sign structures. This
includes their susceptibility to damage, truck induced gusts, and natural wind gusts, along with
past efforts which used finite element modeling to aid in fatigue life prediction, and the state of
inspection of sign structures. Chapter 3 presents the sign structure and finite element model used
in this study. Chapter 4 details the different wind loadings that act on sign structures. It also
explains how the natural wind load history that is used in this project was developed. Chapter 5
explains the fatigue life evaluation method and provides an example of a how the fatigue life of a
critical member is calculated. Chapter 6 gives the results of fatigue life of the structure with the
added consideration that the structure has already been damaged. Lastly, chapter 7 presents the

conclusions of this research.

1.2  DISCLAIMER

This document presents a method to predict fatigue life for members in a structure. Use of the
results or reliance on the material presented is the responsibility of the reader. The contents of
this document are not meant to be a standard way to perform these calculations and are not
intended for use as a reference in specifications, contracts, regulations, statutes, or any other
legal document. The opinions and interpretations expressed are those of the author and other
duly referenced sources. The views and findings reported herein are solely those of the writers
and not necessarily those of PennDOT. This report does not constitute a standard, specification,

or regulations.



20 LITERATURE REVIEW

This chapter will present the findings of previous research on highway sign support structures.
The National Cooperative Highway Research Program (NCHRP) has released several reports to
support the American Association of State Highway and Transportation Officials (AASHTO)
standard design guidelines for sign support structures. Along with these reports, several other
researchers have studied different aspects of fatigue in such structures. The review is organized
by outlining: 1) the mechanisms that induce damage; 2) the effects of truck induced loads and
natural wind gusts; 3) the past models used to simulate fatigue; 4) the inspection techniques

adopted to detect damage.

2.1  SUSCEPTIBILITY TO DAMAGE

2.1.1 NCHRP Report 412 (1998)

Several occurrences of excessive vibration or even collapse in highway sign structures led the
NCHREP to issue report 412. These problems made it clear that the 1994 AASHTO (AASHTO
1994) specifications on fatigue and vibration in sign structures needed to be reevaluated. The
goals of the authors (Kaczinski et al. 1998) were to characterize the susceptibility of cantilevered

structures to excessive displacement or fatigue damage, to develop equivalent static load ranges

8



for the four common wind related causes of fatigue, to identify the fatigue sensitive connection
details in a sign structure, and to determine the fatigue strength of anchor bolts.

In order to determine the susceptibility to galloping and vortex shedding the authors
undertook wind tunnel testing of scale models of five representative structures.  Three of the
structures were cantilevered mast arms (one supporting two traffic lights, one supporting one
traffic light, and one with a sign) while the others were two chord trusses (both supporting a
single sign). The structures were tested with and without the sign attachments. It was found that
galloping induced vibrations depend on the condition of the specific structure and do not occur
frequently, but once they do occur vibration can persist. The authors recommended that a shear
pressure range of 21 psf (1000 Pa) be applied vertically to the vertically projected area of any
attachment when designing for galloping of cantilevered structures. The authors reported that
overhead structures are likely not susceptible to galloping. In regards to vortex shedding, they
found that it only needs to be considered before the attachments (such as signs or lights) are
attached to the structure and that only structures with horizontal supports of large diameter are
prone to such phenomena.

A second goal of the research was to categorize the fatigue sensitive connection details
with respect to the AASHTO fatigue design curves (AASHTO 1994). They grouped together
those details with similar cracking modes and similar stress concentrations into categories A-E’
where the fatigue threshold of the detail decreases as you move from letter A to letter E’. The
majority of details on a cantilevered sign were put into the E or E’ category, though anchor bolts

were put into category D.



2.1.2 AASHTO 2001 Specifications for Structural Supports

The fatigue chapter of the AASHTO 1994 structural 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. The commentary in the
AASHTO 2001 structural support manual provides extra information in regards to designing for
fatigue: galloping results in large amplitude, resonant oscillations in a plane normal to the
direction of wind flow, and is usually limited to structures with a nonsymmetrical cross section;
in the case of the four chord horizontal truss, the owner may choose to exclude galloping loads.
The AASHTO structural supports manual also states that truck gust pressures are applied only to
the exposed horizontal attachment and horizontal support, but may also be excluded from design
as allowed by the owner.

AASHTO recommends the use of the stress life method and the use of an infinite life
design based on the Constant Amplitude Fatigue Limit (CAFL). The CAFL is the value of the
portion of the SN curve with zero slope. All structures with stresses below the CAFL are

considered to have an infinite life. These concepts will be detailed in Chapter 5.

2.1.3 NCHRP Report 494 (2003)

NCHRP Report 494 “Structural Supports for Highway Signs, Luminaries, and Traffic Signals”
was released in 2003 (Fouad et al. 2003). Prior to this report most research done on highway
sign structures focused on cantilevered structures. The work of Fouad and co-authors studied

fatigue and vibration in overhead structures and aimed to recommend a set of fatigue loads. Part

10



of the work included the release of a survey to all state DOTs, and out of 48 responses, 8
indicated problems with non-cantilevered structures. The report included a proposed connection
design detail to minimize fatigue effects, an evaluation of the effectiveness of gussets in reducing
fatigue problems, and proposed vibration mitigation methods.

Several loading recommendations came out of this report:

1. Galloping — A 21 psf pressure applied vertically to the projected area of the signs
mounted to monotube support structures as viewed in the normal elevation.
Galloping will only apply to horizontal monotubes. Non-cantilevered structures
and truss type supports are excluded.

2. Vortex Shedding — this design requirement may be disregarded as long as the signs or
sign blanks are used during construction.

3. Natural wind loads — 5.2 psf multiplied by the drag coefficient applied in the horizontal
direction to the exposed area of all support structure members, signs, and
attachments.

4. Truck induced loads — 7.5 psf for the horizontal pressure applied to the area of the sign
and the area of the support structures, and 10.2 psf for the vertical pressure
applied to the area of the support structure and the projected area of the sign.
These pressures should be applied along the smaller of 24 feet or the entire span.

A few other recommendations came out of this report. For example, gusset plates were
recommended to increase the moment capacity of connections. Despite the research done for
this report, it was still unclear as to whether or not non-cantilevered sign structures are
susceptible to fatigue from galloping and vortex shedding. The author said that more field

testing needed to be done in order to draw any conclusions.
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2.2 TRUCK INDUCED GUSTS

2.2.1 Creamer et al. (1979)

A method for designing cantilevered signs in the presence of truck gust loading was
developed. More specifically, the authors aimed to determine the fatigue load produced by such
a loading by performing both analytical and experimental work. Three structures were
instrumented with strain gages and the researchers found that the magnitude of the mast arm
response varied depending on the truck’s shape and speed. The field research was also
performed in order to determine the member forces in the structure due to truck induced gust
loads.

Actual gust forces were not measured for the development of a truck gust loading
function. Instead, the loading function was developed analytically by examining the member
force ratios that resulted from various loading function shapes. These ratios were compared with
experimental data in order to find the correct function.

Experimental tests showed that trucks produce gusts in both the horizontal and vertical
direction. The vertical gust is caused by upward deflection by the cab, and the peak pressure
occurs at some point behind the back of the cab. The horizontal gust is the result of suction
pressure, and is a function of the truck’s frontal area. It also depends on the truck’s length,
contour, roughness, and velocity. The pressure loading function developed in this research is
shown in Figure 2-1. This loading is not presumed to be the actual gust loading that is present in
the field. Instead, it was developed to simulate the member forces that were measured

analytically.
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The function’s shape and duration is related to vehicle speed. Creamer found that the
maximum length truck traveling at 55 mph limits the gust duration to less than one second. In
Figure 2-1 the rise time of 1/8 of a second represents the time taken for the first ten feet of the
truck to pass under the sign face. The total duration of the impulse is the time it would take for
the entire truck to pass under the sign. The peak pressure of 1.23 psf was found by matching the
member stresses from the largest recorded loading on the double cantilever sign used in the field
research. This pressure corresponds to a wind velocity of 19.2 mph when a standard wind
pressure formula is used. The reason that the loading function found varies linearly with
elevation is because the gust magnitude decreases as height above the truck increases and the

pressure at the top of the sign was assumed to be zero.
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Figure 2-1 Proposed truck gust on a sign structure (Creamer et al. 1979)

The authors concluded that vehicle induced gusts can produce significant sign vibration
response and a large number of fluctuations, but the stresses measured in the super structure are

low and do not present a fatigue problem.
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2.2.2 Cook etal. (1997)

The magnitude, direction, and frequency of pressure distributions on VMS caused by trucks
passing underneath were determined. A pressure monitor was placed on a VMS mounted on a
bridge overpass and data were collected as trucks passed. The monitor was designed so that its
height above the ground could be adjusted based on the researcher’s needs. The events of 23
random trucks passing with the monitor at a height of 17 feet were observed. It was found that
the truck induced gusts caused both negative and positive pressure as they passed and that the
maximum positive pressure occurred at an angle of 75° to the front of the sign while the
maximum negative pressure occurred normal to the sign face. The overall pressure readings
ranged between -1.5 psfto 1.5 psf.

In order to find the effect of height on pressure, Cook and co-authors drove a rented
semitrailer truck with an unspecified height at a constant speed of 65 mph underneath with the
monitor mounted at heights of 17, 18, 19, and 20 feet above the roadway. A 10% reduction in
pressure for each foot of sign elevation increase was observed. Table 2-1 shows the final design

pressures determined in this work.

Table 2-1 Design Pressures from Cook et al. (1997)

Bottom Horizontal Leading Vertical

Surface (0°) Surface (90°)
Positive pressure (psf) 0.92 1.43
Negative Pressure (psf) -1.50 -2.10

2.2.3 NCHRP Report 412 (1998)

Kaczinski et al. (1998) based their work to find a static pressure range for truck induced loads on

functions proposed by Creamer et al (1979). They performed field tests which resulted in stress
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ranges below that which would cause fatigue damage. They noted that failures had occurred in
Virginia, and concluded that the method proposed by Creamer does not produce accurate results.
In the next model, it was assumed that the velocity of the upward gust is equal to the velocity of
the truck. Because head winds could increase the relative truck speed, the authors added a gust
factor of 1.3 to the formula in the specification. They then doubled the obtained pressure to
represent the fact that during one cycle the cantilevered arm will move both downward and
upward. They found a value of 1760 Pa (36.6 psf) to be appropriate to use as an equivalent

vertical static pressure.

2.3 NATURAL WIND GUST DEVELOPMENT AND MODELING

2.3.1 NCHRP Report 412 (1998)

Kaczinski et al. (1998) studied equivalent static pressures generated by natural wind that could
be used for fatigue design calculations. Spectral analysis was used to model the response of a
cantilevered support structure to natural wind. It was important to do this accurately because if
galloping in a structure can be mitigated then natural wind gust will govern the fatigue design of
a sign structure. A fluctuating wind force was characterized as a random process and was
applied to exposed areas of the structure. In order to derive the wind force spectrum, the authors
used the Davenport wind velocity spectrum (Davenport 1961a). The wind loading was then
considered as a stationary mean velocity with a 1 hour period and the Davenport spectrum was

used with a range of these mean velocities as the input.
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Four different types of cantilevered structures were analyzed using a finite element
process and the previously described wind loads. The effective stress ranges as a function of the
mean hourly velocity were found at critical fatigue details. An equivalent static pressure was
then found for each structure and these four values were averaged to equal a proposed value of
5.2 psf (250 Pa). This value was later adopted in the AASHTO 2001 sign support specifications.
To account for the structure that the wind is applied to the 5.2 psf (250 Pa) must be multiplied by
a coefficient of drag and an importance factor because these values vary depending on the

geometry of the signs and structure.

2.3.2 NCHRP Report 469 (2002)

Dexter and Ricker (2002) sought to verify a natural wind gust pressure equation that the
authors of the earlier NCHRP report 412 formulated. They developed several finite element
models (which will be discussed later in this literature review) to which they applied a randomly
occurring wind load. Base wind speeds within the range of 0-60 mph were deemed sufficient
because extreme speeds with a mean occurrence of greater than 1 year are not necessary in a
fatigue analysis. The Davenport velocity spectrum was used in this research to find the
fluctuating component of wind and the entire random response was represented by a series of

sinusoidal waves.

2.3.3 Ginal (2003)

Ginal also modeled a time history of randomly varying wind speeds to be applied to the finite

element models of three overhead sign structures. A wide range of mean wind speeds (5-50
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mph) were used in the analysis and a fluctuating component of wind was modeled using the
Kaimal wind spectrum (Kaimal et al. 1972). This was chosen because unlike the Davenport
spectrum used in Dexter and Ricker (2002) the Kaimal spectrum takes elevation into account.
An equation based on the superposition of cosine waves was then used to combine the mean and

fluctuating component of wind into a wind speed time history:
N
v'(t):Z'\lekakaf cos(2rf,t + ¢,) (2.1
k=1

In equation 2.1 Sy, is a value from the Kaimal spectrum, f; is the frequency, ¢ is time and ¢ is a

random phase angle between 0 and 2n (Iannuzzi and Spinelli 1987).
2.3.4 Li(2005)

Like Ginal (2003), Li developed a wind load time history to be used in a finite element analysis
of sign structures located in Indiana. The range of wind speeds used in the analysis varied from
0-30 mph. In order to create the time history a fast Fourier transform based method was
employed. Doing this involves choosing a number of frequencies within the range of the natural
frequencies of different mode shapes of the structure. The Kaimal spectrum was then used to
find the fluctuating component of the wind. The same equation used by Ginal was used by Li to

sum the mean and fluctuating components over the selected range of frequencies.
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24  FATIGUE MODELING OF HIGHWAY SIGN STRUCTURES

2.4.1 Desantis and Haig (1996)

Desantis and Haig analyzed the fatigue failure of a cantilever sign structure near Salem, Virginia
using the commercial finite element analysis program ANSYS. Two tapered poles formed the
chords of the cantilevered truss and a VMS sign was attached at the end. The structure without
the VMS attached is shown in Figure 2-2. This particular structure had been in service for less
than a year when it failed. The failure occurred in the heat affected zone of the weld in the
connection between the post and the foundation (the base-plate connection). There were no high
winds recorded at the time of failure and the structure had not been affected by any severe

loading conditions during the year in which it was standing.
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Figure 2-2 Structure analyzed in Desantis and Haig (1996)
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Highway workers noted that as trucks passed underneath the arm of the truss would
oscillate leading the researchers to believe that truck induced gusts were a possible cause of the
fatigue failure. At the time that the sign under investigation was designed there were no
inclusions of upward gusts in the AASHTO sign support specifications and VMS signs were
designed as if they were the same as the typical flat panel sign. Because vortex shedding could
have also induced vibration in the structure, both it and truck induced gusts were investigated as
the cause of failure.

A model of the structure was built in ANSYS and a modal analysis was performed to find
its natural frequencies. The first fundamental frequency was used along with the technique
specified by the 1992 AASHTO bridge specifications in order to perform an analysis of the
vibrations that would be induced due to vortex shedding. The determined stress of 15,000 psf at
the base of the pole is under the limit specified by the AASHTO sign support specifications and
thus vortex shedding was ruled to be insignificant in the fatigue failure of this particular sign.
Next, the researchers moved on to exploring the affect that the added VMS thickness has on the
ability of truck induced gusts to cause fatigue. It was assumed that the speed with which an
upward gust hit the sign was the same as the speed at which the truck was traveling. The large
force caused by the gust induced an upward movement of the structure’s arm. This arm would
come back down as the truck passed, but because the arm was now set in motion it would move
to a point below its initial position and then rebound back to its starting point. The researchers
found that this cyclic motion caused a stress in the base much higher than that permitted by the
code and determined that its built up effects ultimately caused the fatigue failure. Lastly, the
researchers explored what would have happened if a flat panel sign had been attached rather than

a VMS sign. They found that the stresses produced were below the acceptable limit provided by
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the code. The authors did not specify whether the use of flat panels in lieu of VMS would have

prevented the collapse.

2.4.2 NCHRP Report 469 (2002)

Dexter and Ricker performed a finite element fatigue analysis of a cantilevered 2 chord truss in
New Jersey and a cantilevered 4 chord box truss in California, both of which support VMS signs
and experienced excessive vibration in the field. Because VMS are often mounted on structures
designed for flat paneled signs, engineers initially attributed problems to the additional mass of
the VMS.

They modeled the structures in both ABAQUS and Visual Analysis in order to make sure
that they obtained consistent results. Natural wind gusts were applied to the entire exposed area
of the sign and structure (including the fronts of truss members). The horizontal component of
truck induced gusts was neglected because it is small when compared to the magnitude of natural
gusts, while the vertical component was applied to the bottom of the VMS. This upward force
was applied over no longer than a 12 foot length. This is based on the unlikelihood of more than
one truck passing beneath the sign at a time. No Catwalk was modeled as part of these
structures.

Before applying the load, a modal analysis was performed on the structure to find the first
six natural frequencies and mode shapes. This was done because most of the fatigue damage
occurs when the structure vibrates near its natural frequencies. Due to the large number of
cycles of wind loading applied to a sign structure over its lifetime, an “infinite life” fatigue

design method was used.
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The researchers found that the extra VMS mass would decrease the natural frequency of
the structure and would typically be countered by an increase in stiffness in order to control dead
load deflection. They believe that it is instead the soffit area on the underside of the sign that

causes the vibration problems.

2.4.3 Ginal (2003)

Ginal used an analytical approach to evaluate the fatigue performance of full span overhead sign
support structures in Wisconsin. Using design drawings, shop drawings, and site visits he
created three representative finite element models in ANSYS. Two of these were overhead box
trusses; both were installed in 1995 and both support a VMS. The third model was an overhead
tri-chord structure that supported an aluminum sign. Each structure was modeled with both
pinned and fixed base conditions, and a modal analysis was done on each model to evaluate its
dynamic behavior.

Both truck pressure pulses and natural wind loading were applied to the structure. Due to
its large horizontal area running parallel to the roadway, the VMS sign is particularly susceptible
to pressure pulses and suction from each passing truck. Even though this loading is most
important in VMS signs, the sign and catwalk elements of all three models were loaded with the
truck induced pressures. Ginal used the ANSYS dynamic time history analysis application to
find the stress time histories of each model. In order to perform a dynamic time history analysis
each structure is loaded with the typical induced pressure pulse, and then its response is
recorded. To obtain this response Ginal subjected the model to a gravitational acceleration and
then allowed it to settle under its own weight. Next, the sign and catwalks were loaded to
simulate the truck event. Lastly, after the truck pulse was applied the model oscillated in free
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vibration and the response was recorded for five seconds.

established from these stress histories.

Stress ranges could then be

The method proposed by Ginal to account for fatigue is a two step process:

1. Accurately account for loading scenarios of the structure and record a

comprehensive response to these loadings.

2. Use a fatigue analysis procedure to determine fatigue life.

The stress life method, as recommended by AASHTO (2004), was used in this procedure.

Fatigue life due to both truck induced pulses and natural wind were determined separately.

Determining the fatigue life from the truck pulses involved the previously described analysis of

the structure’s response to loadings, quantifying the probability of this loading, and finding the

damage accumulation over a period of time. To find the fatigue life due to natural wind Ginal

collected the wind speed and direction data from the National Climatic Data Center (NCDC)

(http://cdo.ncdc.noaa.gov), used a rainflow counting algorithm to transform stress histories into

stress ranges, and then used the Palmgren-Miner rule (Bannantine 1990) to assess yearly fatigue

damage. Table 2-2 summarizes the fatigue life predicted for the critical members in the three

structures under investigation.

Table 2-2 Expected fatigue life from Ginal (2003)

Confidence Level Overhqad tri—chord Overhead box truss Over.head box truss
truss with flat signs with VMS -1 with VMS - 2
95% 3.8 years 12.0 years 6.5 years
70% 5.3 years 17.0 years 9.2 years
50% 6.5 years 20.7 years 11.2 years
20% 8.5 years 27.0 years 14.7 years

The 95% confidence levels estimates were obtained using the AASHTO S-N curves for

the critical fatigue detail of the sign structure. Typically, sign structures are designed with a
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minimum service life of 25 years so these very low results led Ginal to question the accuracy of

the AASHTO curves because he felt that his method was done correctly.

2.4.4 Li (2005)

Li modeled a cantilevered double mast arm, a cantilevered single mast arm, a box truss, a
monotube, and a tri-chord sign structure based on design drawings of such structures located in
Indiana, focusing particularly on the modeling of critical connections in these structures. Each of
these structures supported typical aluminum highway signs. Similar to Ginal (2003), Li modeled
these structures using ANSYS.

After acknowledging the four different potential types of wind loads, galloping, vortex
shedding, natural wind, and truck induced wind, Li assumed that the natural wind gust loading
causes fatigue damage in sign structures. Galloping has rarely been observed in the field except
for single mast arms; only structures with large dimensions are subjected to vortex shedding, and
truck induced gusts are more critical in structures with large areas parallel to the ground. As
such, all loads other than natural wind were ignored. In order to perform a dynamic finite
element analysis to obtain a stress time history, a natural wind induced force time history is
generally necessary. The Weibull distribution (Stevens and Smulders 1979) was used to
represent these wind speed distributions and the wind was assumed to blow perpendicular to the
sign’s plane.

Similarly to the Ginal thesis, the fatigue analytical method included the use of SN curves,
Miner’s rule, rainflow counting, and fatigue limits. Before using these tools, transient dynamic

analyses were performed on the finite element models to obtain stress-time histories at critical
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details. Using wind data from the NCDC for different cities in Indiana, the computed fatigue
lives were found to vary at different sites.

Li found the fatigue lives of the different structural connection details for each of his
models except for the single mast arm cantilever. This was excluded because the research
focused only on fatigue induced by natural wind and fatigue in the single mast arm structure is
thought to be caused by galloping. Unlike the S-N curve method used in Ginal (2003), Li used a
variable amplitude fatigue limit (VAFL) method. This method identifies the level below which
damage will not occur for variable amplitude loading spectrums and is considered to be less
conservative then the S-N method. Li found that practically all connections in the box truss,
cantilevered monotube, and tri-chord truss have an infinite lifetime. Of those connections that
did not, the shortest expected fatigue life is 123 years. The connections in the double mast arm
cantilever had lifetimes ranging from 32 years to infinity.

These expected lifetimes are drastically different from those found in Ginal. Li qualified
these lifetimes by acknowledging that imperfections in connections may be found in the field
which would lead to shorter life expectancies. Also, the modeled signs were designed based on

the 2001 AASHTO sign support specifications which are believed to be conservative.

2.4.5 Park and Stallings (2006)

Park and Stallings sought to perform a fatigue evaluation of an overhead box truss and to
investigate the applicability of the AASHTO 2001 sign support specifications to non-
cantilevered structures. Rather than using a finite element model to aid in the prediction of
fatigue life, the researchers performed in field monitoring tests. Strain gages and a wind
anemometer were attached on two box trusses supporting VMS signs. The anemometer
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measured the velocity and direction of the wind. Two structures were monitored for 31 and 82
days, respectively. This difference in monitoring times was not explained.

During the monitoring period, a rain flow cycle counting algorithm (ASTM 1049E) was
performed in order to record the number and magnitude of only the significant strain cycles. The
response associated with both natural and truck induced gusts was measured, but it was found
that natural wind caused most of the significant cycles. The number of strain cycles measured
over the monitoring period was then extrapolated into the number that would occur in one year
and the fatigue lives of each monitored truss member was calculated using the procedure defined
in the AASHTO 2004 bridge specifications. The majority of the members in the structure
monitored for 31 days have an infinite life, but one diagonal has a life of 28 years. All of the

members in the second structure have an infinite life.

2.4.6 Discussion of Results of Past models

The articles discussed in sections 2.4.3, 2.4.4, and 2.4.5 all sought to calculate the fatigue life of
members within a sign structure. All three used the method prescribed by AASHTO in their
analyses, but they came up with varying results. Both Li (2005) and Park and Stallings (2006)
found most members to have an infinite life, while Ginal (2003) found that the critical members
in all three structures had very short lifetimes. If a sign structure is correctly designed it is
expected to have an infinite life, thus it is probable that the results presented by Ginal are
incorrect. This is because unlike the other 2 projects, he included the structure’s dead load in the
fatigue calculations. Because dead load is not a cyclic load it should not be used when

calculating fatigue.
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2.5 INSPECTION

To date nondestructive evaluation methods employed nationwide to inspect sign support
structures are: visual inspection, magnetic particle testing (MT), dye penetrant testing (PT), and
ultrasonic testing (UT). This section briefly reviews the available literature on the subject.
Details about such techniques and emerging methodologies that were proposed in the scientific

community can be found in the reference (Rizzo et al. 2008).

2.5.1 Collins and Garlich (1997)

Collins and Garlich stated that the main mode of sign inspection is visual examination; hammers,
scrapers, and mirrors on extended rods aid in this process. Other non destructive techniques that
may be used include dye penetrant to locate and define the extent of cracks, magnetic particle or
ultrasonic techniques to evaluate welds, ultrasonic thickness devices to measure the remaining
thickness of members, and ultrasonic flaw detectors to examine anchor bolts. Through it is not
truly NDE, drilling small holes in tubes to detect trapped water is also included in this list.
Along with inspection methods, the authors also listed several common problems found during
inspection of sign structures. These include: cracked anchor bolts, loose nuts and missing
connectors on anchor and structural bolts, cracked and broken welds, split tubes, plugged drain
holes leading to debris accumulation and corrosion, internal corrosion of tubular members, poor

fit up of flange connections with cracking and missing bolts, and structure overload.

26



2.5.2 NCHRP Report 469 (2002)

In their report Dexter and Ricker focused on failures of cantilever sign structures. The results of
a survey sent to all DOTs indicate that common areas showing fatigue cracking or vibration are
the column-to-base welded connection, truss tube to tube welded connections, and the mast arm
connection. The survey also found multiple occurrences of loose or missing anchor rods.

Sign structures were divided into Class A and Class B structures; Class A being those
that are more susceptible to wind-induced fatigue damage. NCHRP Report 469 states that Class
A structures should be inspected at least every 4 years, while Class B should be inspected at least
every 8 years. The authors cite visual inspection as the main way to inspect cracks. This
inspection should consist of close up or hands on view of the base of the post and the mast arm
or truss to post connection. The rest of the structure may be inspected from the ground, however
if evidence of cracks is noted they must be inspected more closely. Some NDE methods are also
suggested for inspection. Like Collins and Garlich (1997), this report recommended magnetic
particles or liquid penetrant as a means to detect cracks, but adds that these should only be used
when a sound reason to suspect cracking exists. Ultrasonic testing can also be used for crack
detection. This report suggested that when an inspector notices a fatigue crack in the connection
on one structure it is likely too late to repair that structure, but it may be practical to apply
ultrasonic testing to similar connections in the same area in hopes of catching other cracks at a

stage where they may be remediated.
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25.3 Li (2005)

Li names five different types of highway sign structures: the double mast arm cantilever, the
single mast arm cantilever, the box truss, the monotube structure, and the trichord sign structure
(where the last three are full span structures). The primary mode of inspection of these signs for
cracks is visual inspection, which can be done on its own or in combination with other NDE
methods. Visual inspection is preferred because it is not too expensive, but it does have the
limitation of human error. PT, MT, or UT can be done to supplement the visual inspections
findings. PT is inexpensive and can reliably find cracks on smooth surfaces. MT can detect
defects on and just below the surface, but its accuracy is not great when testing welded material.
UT can also detect surface and subsurface cracks. Unlike PT and MT, UT requires a high level

of inspector training thus making it more expensive.
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3.0 FINITE ELEMENT MODEL OF A 4 CHORD TRUSS

This chapter focuses on the development of a computer model for a highway sign structure
located in the jurisdiction of the Pennsylvania Department of Transportation (PennDOT). After
describing the structure examined in this research there will be a brief review of the finite

element method and then the model will be discussed in detail.

3.1 THESTRUCTURE

No field research is included in this study, instead a real structure was modeled to obtain results.
A survey conducted in the spring of 2008 by the University of Pittsburgh found that PennDOT
uses several types of sign structures including overhead trusses, cantilevered poles and
monotubes (Rizzo et al. 2008). One overhead truss that is widely used is the four chord box
truss. In this study an overhead box truss structure located on Interstate 279 in Allegheny County
within the jurisdiction of PennDOT District 11 is taken into consideration. Though the truss in
many sign structures is made of tubular members, this particular truss is made of angles. This is
important to note because the use of angles allows for bolted connections between members.
The type of connection affects fatigue life and this aspect will be discussed in depth in chapter 5.
The 1-279 structure spans nine lanes of traffic including four in the north (outbound)

direction, two in the High Occupancy Vehicle (HOV) lane, and three in the south (inbound)
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direction. This 194 ft span makes sign number 511-76 a relatively long span compared to many
overhead trusses in the state of Pennsylvania. The structure was built in 1988 and is pictured in
Figure 3-1. Throughout this discussion the uprights adjacent to traffic traveling north will be
referred to as the right uprights and those adjacent to traffic traveling south will be referred to as

the left uprights.

(b)

Figure 3-1 Sign structure 511-76 in Allegheny County. View while traveling (a) north and (b) south (Courtesy of
the Pennsylvania Department of Transportation)

The structure is made of grade A36 steel members and the signs are aluminum flat panel

signs. Similarly to the box truss, the upright webs consist of various angle shapes, while the
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uprights are wide flange shapes. The specific sizes and material properties of all members can
be found in Appendix A.

The structure supports five signs of varying shapes and sizes. The original plans for the
structure only included the four signs in Figure 3-2. However, since erection another sign has
been added (Figure 3-1a). Along with the attached signs, there is an attached catwalk above the
lanes of traffic traveling north. This catwalk holds the lights that shine on the structure and also
allows workers close access to the truss. The plans show an additional catwalk above the

southbound lanes which does not exist in the field and was not included in the model.
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Figure 3-2 Sign attachments as shown on plans

The PennDOT traffic control signing standards — TC7000 series show that overhead
spans greater than 120 ft use a combination of welded and bolted connections. The chords on
this particular structure are continuous members that are spliced in four locations. On the top
and bottom truss sections a plate is welded to the chord and the diagonals are connected to this
plate via high strength bolts. The cross bracing is connected with bolts to a separate plate that is
welded to the chord. On the front and back truss the diagonals and the vertical members are

fillet welded to the chord. The details of these connections are shown in chapter 5.
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3.2 THEFINITE ELEMENT METHOD

Structural analysis typically uses the finite element method because as complications arise (e.g.
geometric, boundary conditions, physical phenomena, etc.) analytical solutions become
intractable. In the traditional finite element method for structural analysis the geometry is
divided into a series of discrete small segments (i.e. finite elements), and the displacement is
interpolated within each segment using simple polynomial functions. Therefore, the governing
differential equations for the structural response are transformed into a linear system of
equations, which can be solved computationally to obtain an approximation to the displacement
field. The resulting displacement field can then be further processed to obtain estimates to the

pointwise stresses and strains throughout the structure (Logan 2002).

3.3 BUILDING THE MODEL

In this study the commercial finite element analysis software ANSYS version 11.0 was chosen
for the analysis of the structural response of the chosen sign structure. The use of this software
allowed for a comparison of the results obtained in this study with the results published in Ginal

(2003) and Li (2005) because they also used ANSYS.

3.3.1 Steps for Modeling

Several solid mechanics models were built in order to run a quasi-static analysis with a wind load

applied as a traction force to the signs and super structure. The structures considered were
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assumed to behave linear elastically, with small strains and displacements due to the applied
wind loading. As such, the discretized system of equations for the finite element analysis can be
given as:
[m] {Z}+ [c{T}+K] {x} = {F(1)} (3.1)
Where [m] is the mass matrix, {&'} is an acceleration vector, [c] is the viscous damping
coefficient matrix, {I} is the velocity vector, [k] is the stiffness matrix, {x} is the displacement
vector, and F(t) is the force on the structure. Because the results of this model were used to
perform a fatigue analysis, the structure’s self weight was not included in the analysis. Damping
was also not included, thus the equation of motion becomes:
[k]{x} = {F(O} (3.1)
The steps required to build a finite element model for a structure are as follows
1. Define nodes and build lines
2. Select element types
3. Define section properties
4. Define material properties

5. Select an appropriate mesh size and mesh elements

Step 1 was accomplished using the structure’s general plan and elevation design drawing
provided by PennDOT. This plan is shown in Appendix A. The basic geometry of the sign
structure and the signs themselves were input into the model using the ANSYS Parametric
Design Language (APDL) (ANSYS 2007). The model shown in Figure 3-3a and 3-3b represent

the structure with 4 and 5 signs, respectively.
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Sign Structure for LR 1021 3-C interstate 279 5 sign

(b)
Figure 3-3 ANSY'S model of sign structure 511-76. (a) Model with 4 aluminum signs attached. (b) Model with 5
aluminum signs attached.

Finite elements that could efficiently provide accurate estimates to the response of the
actual structural members needed to be chosen in order to perform step 2. As previously noted,

the main component of the structure is a steel box truss. The steel components were modeled
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using a three dimensional 2 node beam element and the aluminum signs and the catwalk were
modeled using a three dimensional 4 node shell element (ANSYS 2007).

The section properties and material properties for each element are specific to the
structural shape and material being used. Section properties input into this model were cross
sectional area, moment of inertia, and member thickness. The material properties for the linear
elastic model include Young’s modulus, Poison’s ratio, and material density. Typical properties
of steel and aluminum were used (Mamlouk and Zaniewski 1999). A table of the section
properties used for each member is included in Appendix A.

The nonlinearity in connections between members and at the base was assumed to be
negligible for the purposes of this work, and therefore, foundations and anchor rods were not
explicitly considered in the models. A mode shape analysis was performed on the structure
considering both a fixed and pinned base condition. Table 3-1 compares the natural frequencies
found in the two cases for the first ten modes, and Figure 3-4 and 3-5 show the first four mode
shapes for the pinned case and fixed case respectively. Table 3-1 shows that from mode 4 and
up, the base fixity does not have much impact on the natural frequency of the structure. The
variation in modes 1-3 can be explained by examining Figures 3-4 and 3-5. When the
corresponding truss movements in the Figures are matched, it can be seen that mode 1 from
Figure 3-4 and mode 3 from figure 3-5 are both a lateral movement of the truss. This is the only
mode shape that is affected by the base conditions. In order to excite this mode, a wind along the
length of the truss would need to be applied. Since this situation was not considered in the
analysis, the base fixity will not have a large effect on the stresses developed in the model. As
such, the bottom of the support was modeled as fixed so as not to allow rotation or translation in

any direction.
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Table 3-1 Modal frequencies (in Hz) for the first 10 mode shapes

Mode Frequency (Hz)

Fixed Pinned
1 1.952 0.656
2 2.436 1.934
3 3.257 2.392
4 5.453 5.449
5 6.101 6.090
6 6.58 6.563
7 6.926 6.903
8 7.707 7.646
9 8.375 8.366
10 10.429 10.421
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Figure 3-4 First four mode shapes in the pinned base case.
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Figure 3-5 First four mode shapes in the fixed base case

The signs on the structure are attached to the truss via vertical W sections as shown in
Figure 3-6. More detailed schematics of this connection are shown in Appendix A. The sign
mesh was defined in such a way that the nodes on the vertical beam lined up with those on the

sign. These coincident nodes were then merged in order to connect the sign to the beam.
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Figure 3-6 Connection of flat panel sign to truss

In order to verify that the model was built correctly, the deflections in the center of the
truss with only the dead load applied were compared to those values shown on the structure’s
camber table. The plan shows a camber value of 6.31 in. at the center of the span, while the
model gave a 4.31 in. deflection. Recall that the plans show a catwalk on both sides of the truss
but the model only includes the catwalk on one side to reflect what is actually in the field. The
addition of the second catwalk could slightly increase the value of deflection. The
correspondence of the deflection in the model and on the plans gives us confidence that the
model is correctly built and the analysis can continue.

The natural wind forces applied to the structure were simulated using a Matlab program

that generated data to be read into ANSY'S; the program will be described in chapter 4.
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40  WIND LOADING ON SIGN STRUCTURES

In order to obtain accurate results from the finite element model the load placed on it must be
representative of the actual loading scenario. Other than self-weight, most loads applied to
highway signs structures are dynamic in nature. These include but are not limited to wind gusts,
ground motion, and vehicle impact. Dynamic wind loads are the focus of this chapter because
every sign structure is subjected to them regardless of location. Wind induced damage on
highway sign structures can occur due to galloping, vortex shedding, truck induced gusts, or
natural wind loading. The severity of the damage inflicted upon a structure varies based on
which of these phenomena occurs and in some cases is dependent on the sign structure
configuration (i.e. whether it is cantilevered or not). Though all four phenomena are described
herein, this chapter will mainly focus on the effects of natural wind on sign structures and the

development of the wind loading that is applied to the ANSYS structural model.

41 DYNAMIC WIND LOADS

The American Association of State Highway and Transportation Officials (AASHTO) lists four
types of wind fatigue design loads in the 2001 Standard Specifications for Structural Supports for
Highway Signs, Luminaries and Traffic Signals: galloping, vortex shedding, natural wind gusts,

and truck induced gusts. These four are included in order to “avoid large-amplitude vibrations
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and to preclude the development of fatigue cracks in various connection details and at other
critical locations” (AASHTO 2001). The AASHTO specifications were developed for the
design of cantilevered structures, but may also be applied to overhead structures.

The way in which the wind affects a structure is dependent upon the wind’s speed and
direction, and the structure’s height, shape, and stiffness (Tedesco et al. 1999). The action of
wind is an external non-periodic force. This means that it does not repeat itself over time, but
rather takes on random values over time as shown in Figure 4-1. The fluctuating nature of wind

can lead to vibration of the structure and fatigue damage.
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Figure 4-1 A non-periodic wind loading
4.1.1 Galloping

Galloping is a single degree of freedom aerodynamic instability that typically occurs in flexible

structures whose low natural frequencies allow large amplitude oscillations normal to the
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direction of the wind flow. Figure 4-2 illustrates the motion of a cantilevered structure due to
galloping. More specifically, galloping causes problems in structures with a non-symmetrical
cross section. For this reason, sign structures are vulnerable.

As the relative velocity between the sign structure and the wind changes, so does the
wind’s angle of attack. This changing angle of attack will either increase or decrease the lift
force on the structure members. If a decrease in the lift force is caused by an increase in the
attack angle, galloping may occur and as the velocity increases so does a structure’s tendency to
gallop. Though the main mode of galloping is a swaying of the mast arm in a vertical direction,
a twisting of the mast arm also occurs. For this reason, structures that are particularly susceptible

torsion such as monotubes are particularly susceptible to galloping (FHWA 2005).

Elsvation

Figure 4-2 Galloping of a cantilevered structure (FHWA 2005)

Because galloping occurs at the natural frequency of a structure, it does not take an

extremely high wind speed for it to happen in those structures with low natural frequencies.
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Other than an overhead monotube, only cantilevered structures are known to gallop; overhead
supports with three or four chord trusses are not susceptible to galloping. Cantilevered three and
four chord trusses have also never been reported to gallop. This is likely due to their increased
stiffness over other cantilevers. It should also be noted that as a cantilever increases in length, so
does the likelihood that it will gallop (FHWA 2005).

In most cases that have been investigated, fatigue due to galloping generally develops
over a period of a year or longer. Characteristics of the specific structure in question such as
natural frequency, mass, and stiffness affect the exact amount of time it will take for this kind of
fatigue to develop. When it does the cracking can occur in several different places: at the
connection of the mast arm to the pole, at the base of the pole, at truss connections close to the
pole in 2-dimensional truss mast arms, around the perimeter of the hand hole, or in anchor rods.
Because galloping does not affect overhead structures, it will not be considered to cause fatigue

in this project.

4.1.2 Vortex Shedding

Like galloping, vortex shedding also induces oscillations in the direction perpendicular to the
wind flow though the oscillations are not as large in amplitude. Figure 4-3 shows a schematic of
this motion. Vortex shedding results in oscillations normal to the wind flow. This can be the
side to side motion shown in Figure 4-3 or an up and down motion like that exhibited during

galloping.

43



Movement

O ---g---=0

'\
Wind Direction

Plan

|' Movement '|

bl -

F
\\ ’
% )
LY r
3 ?
b f
| !
1 !
\ !
\ i
I !
I !
I 1
—————————bele—
Elevation

Figure 4-3 Vortex Shedding (FHWA 2005)

The members that make up a sign structure can be referred to as bluff bodies; this means
that they are not streamlined to cut through the wind. The flow of wind around a bluff body is
shown in Figure 4-4. As the wind tries to make its way around the section, it separates away
from it on the back end creating a high shear region. The curled up lines in the figure represent
shear and if they begin to alternate the side on which they curl up, movement will be induced
(Holmes 2007).

Typically, vortex shedding occurs in circular cylinders but it can occur in other bluff
bodies such as triangles, rectangles, or H and L shapes. Similar to galloping, vibration due to
vortex shedding occurs when the wind speed allows the frequency of the shedding to become
about equal to the structure’s natural frequency. The structure only shows excessive vibration
when the wind velocity causes this resonant condition (Liu 1991). A constant wind speed

between 10 and 45 mph is necessary to predicate vortex shedding; if there is turbulence it will
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disturb the formation of vortices. Speeds less than 10 mph will not induce vibration while
speeds greater than 45 mph are too turbulent for vortices to be shed (AASHTO 2001). The
FHWA says that winds between 10 and 35 mph are most likely to cause vortex shedding (FHWA
2005), while the AASHTO 2001 sign structure specifications set the upper limit at 45 mph
(AASHTO 2001). If resonance is reached and the wind flow is not turbulent, higher wind speeds
may cause vortex shedding. Vortices can be shed at wind speeds less than 10 mph, though they
will not impart sufficient energy to excite most structures (AASHTO 2001).

The AASHTO sign support specifications recommend that a sign or sign blank is
attached prior to erection and does not require a sign structure to be designed to resist vortex
shedding. Blank signs are recommended because they can break up the wind vortices by causing
local turbulence. Because vortex shedding does not affect overhead structures, it will not be

considered to cause fatigue in this project.
Movement
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Figure 4-4 Shedding of vortices on a bluff body

4.1.3 Truck Induced Gusts

As large trucks pass under sign structures they produce dynamic wind pressures in both a

direction perpendicular to the sign face and an upward direction. The horizontal gust created by
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a truck is much smaller than that created by natural wind, so much so that it is negligible. The
magnitude of the vertical pressure varies with truck speed, height of the sign, and sign geometry.
For example, the magnitude of the gust is directly proportional to the speed of the truck. Also,
the higher the sign is above the roadway, the lower the magnitude of the gust. In fact, it is
widely accepted that truck gusts go to zero at a height of about 33 ft above the roadway.

VMS signs are particularly susceptible to fatigue damage caused by truck induced gusts because
unlike flat aluminum signs they have a large area parallel to the road on which an upward force
can act. An older VMS sign can be up to four feet deep making truck induced gusts a significant
cause of fatigue in its supporting structures. Typically, fatigue cracking due to truck induced
gusts takes several years to develop. When it does, cracks might occur in the following places:
the connection to the mast arm to the pole, at truss connections, at the base of the pole to the
weld joining the pole to the base, at hand holes, or in anchor rods. Because the sign structure in
this project supports a flat panel aluminum sign, the affects of truck gusts on the model were not

included.

4.2 BASIC CHARACTERISTICS OF NATURAL WIND

The previous section presented the basics of three of the wind phenomena that could act
on highway sign structures. This current section will present the way in which natural wind
works and acts on sign structures. The nature of wind speed is that it fluctuates as shown in
Figure 4-1.

The wind time history v(?) is the changing value of wind speed with respect to time.

When applied to a sign structure we can consider two components: a mean component v and a
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fluctuating component v’. This concept can be expressed through the equation v(¢) = ;(t) +'(2)

and is shown visually in Figure 4-5.
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Figure 4-5 Wind speed Vs time (adapted from Liu 1991)

Another important characteristic of wind is that its speed varies with height above the
ground; it starts at a value of 0 and increases exponentially. There are two empirical formulas
for describing this affect, both of which are for wind speeds over flat areas. These relationships

are the power law (equation 4.1) and the logarithmic law (equation 4.2):

Z o
= [Z_J (4.1)
V(z) =7, h{iJ (4.2)
k z,

In these equations V(z) is the wind speed at a height z above the ground, V+is the shear velocity,
k is the von Karman constant (equal to approximately 0.4); zy is a constant based on the
roughness of the ground; V; is the wind speed at a reference height z; and o is the power law

exponent which is based on the terrain (Liu 1991). Note that shear velocity (also known as
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friction velocity) V=« is not a physical velocity, but rather a way of writing shear stress in units of
velocity (Holmes 2007). The logarithmic law was originally derived for the turbulent boundary
layer on a flat plate while the power law has no theoretical basis (Holmes 2007). Because the
logarithmic law is more difficult to use and sometimes produces negative wind speeds when the
height in question is below the base height zj, the power law is generally used in engineering

applications. As shown by Figure 4-6 the two laws produce very similar results.
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Figure 4-6 Comparison of Logarithmic and Power law (adapted from Holmes 2007)

The logarithmic law takes into account the effect of the surface roughness on the wind
speed. The ground exerts a retarding force known as surface drag on wind as it flows. The
amount of surface drag depends on the type of terrain. For example, there are measured values
of surface drag for very flat terrain, open terrain, suburban terrain, and dense urban terrain.
Surface drag tends to increase as the terrain becomes denser because the wind flow is easily
broken up due to the many different obstacles around which the wind must flow. Flat open

terrain has a very low surface drag coefficient because the wind is not subjected to any obstacles.
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43 BLUFFBODY AERODYNAMICS

The idea of a bluff body was briefly introduced in the section on vortex shedding, but it will be
further explored here. It is an important concept because the fact that a sign structure is a bluff
body must be taken into account when determining the wind load that acts on it and its response
to wind. Wind flow around a bluff body is characterized by a separation of wind flow around the
leading edge corners of the body as shown in Figure 4-7.

A wind pressure is often used to quantify the affects of wind on a bluff body. The

Bernoulli equation
L
Py =Pyt PV (4.3)

can be used to accurately predict the wind pressure on a structure at the stagnation point.

Narrow wake
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M

Stagnation point

Reattaching shear layers
and vortex generation

Stagnation point m

_

Figure 4-7 Wind flow around a streamlined and bluff body (Holmes 2007)

The stagnation point is the point located slightly above the center of the windward
surface. In equation 4.3 p; is the stagnation pressure, p, is the ambient pressure, p is the air

density and Vis the speed of the upstream wind. For the case when the ambient pressure is equal
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to the atmospheric pressure, p, = 0. This is the case for the wind acting on the sign structure,

therefore the equation for pressure reduces to equation:

1
p=5 PV (44)

4.3.1 Drag

Drag is the resistance caused by an object in a wind flow and increases as the wind flow becomes
more turbulent (Liu 1991). The magnitude of the drag force varies depending on the size and
shape of the object that a wind flow is acting on. For a highway sign structure there will be a
different coefficient of drag (C,4) for the signs and truss members. The actual values used in the
analysis are discussed below.

The sign attachments on the modeled structure are perpendicular to the direction of wind
flow and therefore cause a drag force on the wind. The drag force on a flat panel (such as a sign)
is found by subtracting the leeward pressure from the windward pressure on the panel’s face and
multiplying this number by the total frontal area of the panel. It is estimated that 60% of the drag
is caused by pressure on the front face while the other 40% is caused by pressure on the rear face
(Holmes 2007). The drag coefficient for a square plate in perfectly smooth wind flow is about
1.1, but all of the highway signs on the modeled structure are rectangular so they will have a
slightly larger C;. The AASHTO sign support specifications give a table of drag coefficient
values in the 2001 specifications (Table 4-1). These values are based on the aspect ratio (sign
length to height) of the sign on which the wind acts. Table 4-2 gives the aspect ratio and the

corresponding value of C, for the signs in the modeled structure (they are numbered from left to
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right). In order to apply the same wind loading to each sign these drag coefficients were

averaged so that the final number used in wind simulation was 1.16.

Table 4-1AASHTO coefficients of drag for sign panels (AASHTO, 2001)

Sign Panel Length/Width | Wind Drag Coefficients
1.0 1.12
2.0 1.19
5.0 1.20
10.0 1.23
15.0 1.30

Table 4-2 Modeled sign coefficients of drag

Sign # | Aspect Ratio | Cq4
1 1.5 1.16
2 1.52 1.16
3 1.8 1.18
4 1.14 1.13
5 1.6 1.16

The drag coefficient on the truss members could not be found using the values in Table 4-
1 because it is not a solid plate. When wind acts on a structure with porosity or large spaces
between neighboring members, air is allowed to flow through which in turn reduces the
difference in windward and leeward pressures. This reduction then causes a smaller drag force
on such a structure. The overall reduction in drag depends on the solidity ratio (J), or the ratio of
solid area to the total area. The porosity factor K, represents the reduction in drag; its
relationship to the solidity ratio ¢ is given by
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K,=1-(1-6)° (4.5)
Once the porosity factor is known, the reduced drag coefficient Czs5, can be found using
the following relationship (Holmes 2007):
Ci;=C,*K, (4.6)

Before the reduced drag coefficient can be found, the drag coefficient for a solid plate with the
dimensions of the truss must be found. The Engineering Sciences Data Unit (EDSU 1970)

provides the drag coefficient of a rectangular plate based its height/breadth ratio //b:

C, = 1.10+0.02*Kﬁj+(éﬂ (4.7)
b) \h

The calculation of the reduced drag coefficient adapted in this study is shown below.

C, :1.10+0.02*H 7'5ﬁj+(194ﬁﬂ =1.62
1941t ) \ 7.5/t

=393 fi2

A

truss

A
S=—1ms (270
194 f1*7.5 ft

K, =1-(1-0.270)* =0.467
C,; =1.62%0.467 =0.757

Here, A4, 1s the area of the truss in this study. The pressure calculated using Cgy; is not
applied to the truss projection Atruss, but rather the gross truss area (194’ x 7.5°).
The drag coefficient for both the signs and the truss members will be used in the following

section to find the pressure load to apply to the model.
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44  WIND SIMULATION

In the field, the wind spectrum is measured by using an anemometer. Then, a
spectrometer connects this signal to a set of filters, and the intensity of those signals that pass
through the filters is measured. Each of these filters has a narrow bandwidth and a different filter
frequency. The value of the spectrum at the filter frequency is found by dividing the measured
signal by the bandwidth of the filter through which it passed. These values are then plotted as a
function of the filter frequency (Liu 1991). A spectrum of wind turbulence is shown in Figure 4-

8.
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Figure 4-8 Typical spectrum of wind turbulence S, or S, as a function of frequency n (Liu 1991)

Much research has been done in the past in order to develop a spectrum that can
accurately predict the dynamic characteristic of wind. Though we can never predict the
complexity of wind perfectly due to its gusty nature, wind spectra assume that over a time period
the statistical characteristics of wind can be regarded as constant (Davenport 1961a). The
following sections will discuss two such wind spectra: the Davenport spectrum and the Kaimal

spectrum.
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4.4.1 The Davenport Spectrum

In the early 1960’s A.G. Davenport published a study of 70 spectra of the horizontal component
of gustiness in strong wind. The differences in these spectra were studied by looking at the mean
wind velocity, the ground roughness, and the height above the ground for which they were
produced. The following empirical solution for the wind loading of structures was provided:

* Jf — 2 X
S, () *df =4kV, (1+x2)4/3dx (4.8)

where Sp is the power spectrum at a height z, f'is frequency, k is the drag coefficient depending
on surface roughness, V; is the wind speed at a standard height of 10 meters (33 feet) , and x
equals 12001/ V.

The spectra that Davenport analyzed in order to formulate this relationship were mainly
taken in three locations: Sale, Victoria (Australia), Cardington, Bedfordshire (England), and
Cranfield, Bedfordshire (England). A few more measurements were also taken from elsewhere
around the world. The first two places were open grasslands with few trees while the third
location consisted of a rougher terrain. Different anemometer setups were used in each location,
with the most sensitive one being used in Cranfield. The data from all three locations were
normalized into logarithmic spectra. These spectra were very similar at all heights, but they did
show a drop in energy as height increased. This drop off was very small so Davenport assumed
that the spectrum which he was developing was not dependent on height.

Figure 4-8 shows different values found at different locations. The solid curve is a plot
of the empirical relationship given in equation 4-8. Davenport developed this relationship

through trial and error and found it to be a suitable fit for the points in Figure 4-9.
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Figure 4-9 The Davenport spectrum fitted to the studied data (Davenport 1960)

4.4.2 The Kaimal Spectrum

About ten years after the work of Davenport, JC Kaimal published a study (Kaimal 1972) on the
spectral characteristics of surface layer turbulence. A 1968 experiment in Kansas involved
measuring the wind speed at three different levels on a 32 meter tower. The spectra were then

computed using the fast-Fourier technique. The following relationship was proposed by Kaimal:

5, () =200z 49)

U.(1+50
U

z
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where Sy, is the Kaimal spectrum, z is height above the ground, u+ is the shear velocity or friction
velocity, U. is the mean wind velocity at a reference height. In this equation, u+ can be expressed
as
U.*x
U, = (4.10)

1n<2i)

where U is the reference wind velocity measured at a height z, x is the von Karman constant
(equal to 0.4) and z is the terrain roughness coefficient. The terrain roughness coefficient is
equal to 3.5 cm (1.4 inches) for open terrain (Liu 1991). In order to use these equations the wind
velocity must have units of m/s.

This spectrum was developed because the Davenport spectrum did not account for the
dependence of the spectrum on the height of the structure. For this reason, the Kaimal spectrum

was chosen for use in the analytical wind simulation in the current study.

4.4.3 Analytical Wind Simulation Process

All of the variables presented in chapter 4 need to be tied together in order to produce a wind
load to be applied to the model. This load will be a wind time history with a 5 second period and
sampling rate equal to 100 Hz (sample period equal to 0.01 seconds). The scope is to model the
turbulent nature of wind in the horizontal direction using a simplified model of natural wind as
presented by lannuzzi and Spinelli in 1987. In order to find an accurate wind velocity the mean
and fluctuating components of wind must be added together. Mean wind velocities ranging from
5 to 25 mph in increments of 5 mph are used. This range of values was chosen by looking at the

hourly wind data on the NCDC website for Pittsburgh, Pa. The NCDC provides weather data
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gathered from the National Weather Service, Military Services, the Federal Aviation
Administration and the Coast Guard. Local Climate Data (LCD) is produced monthly for over
270 cities including Pittsburgh. Table 4-3 shows the frequency of occurrence of wind speeds
from 0 — 50 mph over a ten year time period. Wind speeds in the range of 0-25 mph occurred

often enough that they would cause cyclic fatigue to occur in the sign structure members.

Table 4-3 Wind speed frequencies for Pittsburgh, Pa

Speed Frequency

(mph)
0 12.375%
5 45.857%
10 29.109%
15 10.113%
20 2.013%
25 0.425%
30 0.083%
35 0.021%
40 0.003%
45 0.001%
50 0.000%

As outlined in section 4.2, both a mean and a turbulent component of wind speed need to
be added together to find the total wind speed. The mean component is found using the power
law. The turbulent component v’(z) of wind is then found by either using a method based on the
superposition of cosine waves having constant amplitude (Constant Amplitude Wave
Superposition, or CAWS) or using a method based on weighted amplitude wave superposition
(WAWS) (Iannuzzi and Spinelli 1987). The latter approach is used in this project. The

component v’(t) is given as

V(t) = ﬁ‘n/zs,{a F.Af *cosQaft +4,) 4.11)

57



where ¢ is the phase angle randomly distributed between 0 and 2n. After summing the two wind

components, the wind pressure P(?) and the applied force F(z) are given by
P =3 pCV 1) (4.12)

F(t)= AP(t) (4.13),
where p is the air density, V(?) is the combined mean and fluctuating wind velocity, and 4 is the
gross area over which the pressure is applied.

The above procedure was implemented into a Matlab script wind.m, provided in
Appendix B. Five wind time histories were produced for both the pressure to be applied to the
sign faces and to the truss members. Recall that these have different coefficients of drag which
results in different wind pressures. These pressures are shown in Figure 4-10a and 4-10b. The

process used in the Matlab program is outlined on the next page.
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Program inputs:

Input Value
Mean Wind Speed, U Varies
Structure Height, z 6.1m
Length of Simulation, T 10 sec
Length of Substep, dt 0.01 sec
Lower Spectral Frequency, fLow | 0.1 Hz
Upper Spectral Frequency, fHigh | 10 Hz
Frequency Increment, df 0.01Hz
Terrain Roughness, z; 0.035m

Program steps:

1. Use equation 4.1 to find the mean wind speed at the structure’s height V_(z).

2. Use equation 4.10 to find the shear velocity, us.

3. For each incremental value of frequency use equation 4.9 to find the

corresponding Kaimal spectral value.

4. For time = t:

a. Find V’(t) for each spectral value found in step 3 and sum them.

b. Find V(t) by adding V’(t) from step 4a to the mean wind speed

found in step 1.

c. Add dt to t and repeat step 4 until all values of time have been

used.

5. Convert winds speeds into pressure using equation 4.12
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45  CONCLUSION

This chapter discussed the ways in which wind could cause vibration and fatigue in highway sign
structures. Past studies proved that galloping and vortex shedding will have little effect on an
overhead structure such as the one in this study. Because this structure supports flat panel signs,
truck induced gusts were also ruled out as having a large affect on fatigue life. This leaves
natural wind as the main cause of fatigue on the structure in this thesis. An algorithm was
produced in order to calculate a 5 second wind pressure time history to be applied to the model,

the results of which are presented in the next chapter.

61



5.0 FATIGUE LIFE CALCULATION

5.1 INTRODUCTION

This chapter describes the method used to calculate the fatigue life of specific members within
the truss. Figure 5-1 schematically shows how to obtain the fatigue life from a structural model
such as the one described in Chapter 3. Each of the steps shown will be explained in detail in the
next sections. An example fatigue life calculation of a critical member in the structure under

consideration will follow these explanations.

%
st VAR A

s

STRUCTURAL TIME FAINFLOW  STRESS PALMGREN

MODEL HISTORY COUNT EANGE MIMEE.
HISTOGEAM +

FATIGUE LIFE

Figure 5-1 Steps in a fatigue life calculation (Ariduru, 2004)
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AASHTO specifies the use of the stress-life method to calculate fatigue life time. This
method will be explained in the context of an example fatigue life calculation of one of the

critical members in the structure.

5.2 FATIGUE

Fatigue damage occurs when a material or structure is subject to any type of cyclical or repeated
loading. Each cycle inflicts a small amount of damage and as the load repeats the damage begins
to build up. There are two stages of fatigue: initiation and propagation. Damage during the
initiation phase is hard to quantify because it is often caused by microcracks that cannot be easily
detected. On the other hand, damage during the propagation phase is detectable by measuring
the length of the crack (Bannantine 1990). For a fabricated steel structure there are generally
pre-existing cracks or discontinuities, so not much of the fatigue life is attributed to the initiation
phase (Fisher 1998).

Every structure has a fatigue life, or an estimated length of time for which the structure
can stand before failing due to fatigue damage. A structure will fail due to fatigue if a crack is
allowed to grow to the point where it reduces a section’s capacity so much that it cannot carry
the required forces. If fatigue life can be accurately measured, engineers can know when and

where it is important to inspect structures for cracks and these cracks can be mitigated.
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5.3 THEAASHTO STRESS LIFE METHOD

AASHTO defines fatigue as the damage that may result in fracture after a sufficient number of
stress fluctuations (AASHTO 2004). An infinite life design approach is recommended when
designing for fatigue and the stress-life (S-N) method is suggested for use in quantifying fatigue.
In order to use the S-N method the applied stress must be in the elastic range and the number of
cycles to failure must be high (at least greater than 1000 cycles). As natural wind loading meets
these criteria, the S-N method was used in this study to calculate the fatigue life of the sign
structure.

The basis of this method is the stress-life curves; the curves provided in the AASHTO
bridge manual are shown in Figure 5-2. An S-N curve is a plot of stress range S versus number

of cycles to failure N. The basic equation of each curve is given by:

N =2 (5.1)

where A4 is a constant given in the AASHTO 2004 manual that is associated with the member’s
end connection. S; is the stress range acting on the detail at a particular point i and N; is the
number of cycles of the stress range (Fisher 1998).

According to Figure 5-1, the first step of the fatigue life prediction is modeling the
structure under investigation. This modeling was done using a finite element program and is
detailed in Chapter 3. The second step is the computation of the external force time history
acting on the sign structure. This was described in Chapter 4. Recall that a 10 second wind load
is applied to each sign face and truss and that these wind loads have a base speed of 0-25 mph in
increments of 5 mph. The stress histories for the critical elements are evaluated over a 5 second

period (the final five seconds in the 10 second history) and sampled at 100 Hz. A stress history
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is a plot of the stress magnitude at each .01 second time step. The measured stress is not
constant throughout a member because it includes both bending and direct stress. The location

of the maximum stress changes with time so the stress was measured at both ends (nodes i and j)

of the element in order to get an accurate response.
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Figure 5-2 AASHTO Stress-Life curve (AASHTO 2004)

Once the stress history of an element is found the steps in the analysis process are as

follows:

1. Establish a histogram of stress ranges for the critical elements in the structure.

2. Associate each critical member with a particular AASHTO fatigue detail category by

using the member end connections,.
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3. Use the appropriate S-N diagrams for the AASHTO fatigue detail categories being

considered to calculate fatigue damage of the critical members in the structure.

4. Assess the fatigue life of each critical member. The shortest calculated fatigue life will

be indicative of the structure’s potential service life.

In order to perform step 1 of this process a rainflow counting algorithm is used to

determine the critical stress ranges within each member.

5.3.1 Rainflow Counting Algorithm

Time histories were obtained from the model for five critical elements; the locations of these
elements are shown in Figure 5-3. Critical elements are those elements which would be the first
to fail if fatigue problems exist. These critical elements include three diagonal members on the
front and back face of the truss and two vertical members that connect the top truss chord to the
bottom chord. Diagonal members near the supports in sign structures typically see a lot of load,
so it is important that they are included in the group of critical elements. More discussion of the
critical elements is found in section 5.3.2

Because wind is a non-periodic loading, the structural response has no measureable
constant amplitude or period. In order to measure the damage inflicted upon the structure, the
load’s time history must be reduced into a usable number of constant amplitude cycles. There
are several methods to do this and they all fall under the umbrella term of cycle counting; the

specific method that was employed in this study is called rainflow counting.
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Figure 5-3 Locations of critical elements

Rainflow counting was introduced by Matsuishi and Endo (1968) and was later
standardized by the American Society for Testing and Materials (ASTM) (Bannantine 1990).
The approach identifies closed hysteresis loops in a non-periodic stress response. The name
rainflow counting comes from the idea that when turned sideways the response versus time looks
like a Chinese pagoda and the stress cycles can be envisioned as raindrops falling off of the

pagoda.
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Figure 5-4 Rainflow counting using the ASTM algorithm (adapted from Bannantine 1990)

ASTM standard 1049 E allows the process to be automated in a computer algorithm. In
this study a Matlab program was written and the script rain4.m is provided in Appendix B

Figure 5-4 shows an example of how to implement the algorithm steps provided by ASTM 1049.

These steps were used in Matlab and are shown in the flowchart in Figure 5-5.
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Figure 5-5 Flow chart of rainflow counting algorithm steps
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5.3.2 Member End Connections

The next step of the analysis procedure uses the AASHTO sign support specifications to
establish the member end connection categories. This subsection describes the process.
Recalling equation 5.1, the value of the constant A is based on the way in which the member
under consideration is connected to the other truss members. The AASHTO sign support
specifications include a table which lists all of the possible fatigue details for support structures
which can be found in Appendix C. This table is broken up into connection type such as
mechanically fastened or fillet-welded. Within the type of connection there are various details
that the particular connection can fall under. Each of these connection details fall into stress
category A, B, B’, C, D, E, E’, ET, or K,. A weaker connection corresponds to a higher letter.
Figure 5-6 shows the location of the various connections in this structure and Table 5-1
shows the connections for the critical members selected in this study. The connection denoted

by a, b, or ¢ in the figure correspond to the detail labeled with a, b, or ¢ in the table.
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Figure 5-6 Location of connection details within the structure
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Table 5-1 Connection Details and there locations within the structure

Location in Structure

Connection Detail

Dizgonal -L 3 Hx 3 Wx
5f1s

CrossBracing-L4x4x3/8

W.L.

Chord-LExBx5/8

PLAN Vartical-L4x4x3/8 PAMEL FOINT
a.
DETAIL A
s 215 -CHORD LB
TP,
== 14" -CHORD LExS
Chord-LEx8x5/8
.l e
1
e i
B WIN.TYF Dizgonal-L 3k 34516
i
Z Vertical - Ld x4y 35 =— = Cross Bracing-L4x4x 3,8
- \/ - i
< B
PLAN b
SECTION Lk
R 3"MIN. -CHORD LBx
/_\ 2"MIN. -CHORD LBx
. Chord-LEBx8x5/8 —n.L.
Dizgonal-L4x4x3/8
\# x Vertical-L4x4x3/8
ELEVATION DETAIL €
C.

As can be seen in these figures, there are both bolted and welded connections. The bolted

connections fall into category B, while the welded connections fall into category E (members
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with axial and bending loads with fillet welded end connections. Table 5-2 shows which critical

elements belong in which category.

Table 5-2 Critical element stress categories

ANSYS Element # Type Shape | Length | Stress Category
1710 Vertical L4x4x3/8 | 7°-6” E
1725 Vertical L4x4x3/8 | 7°-6” E
1826 Elevation Diagonal | L4x4x3/8 | 12°-3” E
1926 Elevation Diagonal | L4x4x3/8 | 12°-3” E
1921 Elevation Diagonal | L4x4x3/8 | 12°-3” E

Welded elements were selected rather than bolted elements because a weld is a more
critical fatigue detail. There are two reasons for this: welded details have more severe initial
cracking and cracks in welds can propagate from one element into another (Fisher 1998). It is
important to select the correct stress category because each category has a corresponding S-N

curve.

5.3.3 Fatigue Limits

Steel has a fatigue limit quantified by the stress level below which the material has an “infinite
life’. When the stress in the material is less than the fatigue limit it will not cause fatigue
damage. The reason for this limit is that interstitial elements in steel can help to prevent the
mechanism that leads to microcrack formation. The fatigue limit becomes irrelevant in certain
conditions such as periodic overload, corrosive environments, or high temperatures (Bannantine
1990).

Each of the plots in Figure 5-2 has a point at which it flattens out; this point is called the

Constant Amplitude Fatigue Limit (CAFL). For most civil engineering structures, sign supports
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included, there can be stress ranges both above and below the CAFL and there are two ways to
handle this situation. First, it can be assumed that all of the stress ranges will cause crack
propagation. This is a very conservative assumption because laboratory tests have proven that
this is not the case. The other option is to assume that not all ranges will cause immediate crack
propagation. The AASHTO bridge design specification states that when the design stress range
is less than one-half of the CAFL, the detail will theoretically provide infinite life. This is the
way in which the situation of having stress ranges both above and below the CAFL will be
handled in this project. Table 5-3 shows the CAFL values for each detail category as specified

by AASHTO.
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Table 5-3 Constant amplitude fatigue limits (AASHTO, 2001)

Detail Category | CAFL (Kksi)

A 24
B 16
B’ 12
C 10
D 7

E 4.5
E’ 2.6
ET 1.2
K 1

The bolted connections (category B) and the welded connections (category E) in the
structure currently under analysis have very different CAFLs. It will take a much higher stress to
cause fatigue in the bolted connections than in the welded connections. For this reason it is
likely that the vertical and elevation diagonal members will control the fatigue life of the sign

support structure.

5.3.4 The Palmgren-Miner Rule of Linear Damage Accumulation

Step 3 of the analysis procedure involves calculating the fatigue damage in the critical members.
Because there are many varying stress ranges, a damage summing method is used. Commonly
known as Miner’s rule (or the Palmgren-Miner rule), the linear damage summing method used in
this project was first proposed by Palmgren in 1924 and further developed by Miner in 1945
(Bannantine 1990). This method assumes that the fraction of damage D; that results from a
specific stress range S;, is a linear function of the number of cycles that take place at that stress

range n;. The relationship between these values is given as:

D =1 (5.2)
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D=>'D, (5.3)
where N; is the number of cycles it would take to cause failure (the fatigue life) at stress range i
The value of N; can be found using equation (5.1).

If there is only one cycle of a particular stress range, D is given by 1/N. Once the
damage for each individual stress range is found, the total damage D can be found by summing
these individual damages as shown in equation 5.3. According to the Palmgren-Miner Rule,
failure occurs when the damage D is equal to 1.

Tests have been undertaken in order to verify the Palmgren-Miner rule (Bannantine
1990). In these tests an initial stress, S;, is applied for a certain number of cycles, and this is
followed by the application of a second stress level, S,, until failure. For S; >S,, the test is
known as high-low and for S;<S, it is a low-high test. When Miner originally performed this
test he found that failure occurred when D was between 0.61 and 1.45, within which his
proscribed value of 1 falls. The majority of most other tests have found values ranging from 0.5
to 2.0, with an average value close to 1. Though these types of two step tests do not well mimic
the randomly varying loads seen in the field, tests using several random stress histories have also
been shown to correlate with the stated failure value of 1 (Bannantine 1990).

The Palmgren-Miner approach has disadvantages. The most often cited limitation is that
it is a linear method; it assumes that all cycles of a given stress range cause the same amount of
damage regardless of when they occur in a structure’s lifetime. Also, the method assumes that
the presence of one stress range does not affect the damage caused by a different stress range.
Despite these limitations, AASHTO specifies the use of the Palmgren-Miner rule to account for

cumulative damage.
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54  FATIGUE LIFE ANALYSIS

This section will provide the fatigue life of all of the critical members in the structure.

5.4.1 Wind Probability

As described in the previous chapter, base wind speeds of 0-25 mph were used to
simulate the action of wind load on the structure. Weather data from the NCDC were used to
measure the probability of each of these speeds occurring. The Pittsburgh LCD is collected at
the Pittsburgh International Airport and provides an hourly measurement of wind speed and
direction. The wind speed is measured over a 1-minute averaging period; the speed is not a
maximum value during the hour, but rather the speed measured at the chosen time.

In the study data collected between January 1999 and December 2008 was used. Once all
of the wind speeds were collected, they were placed into 5 mph bins with the center point of each
bin being a value from 0-25 mph spaced at increments of 5. For example, the bin containing the
value of 10 mph includes all wind speeds between 7.5 and 12.5 mph. The only exception to this
rule is the bin ranging from >0 — 7.5 mph. Likewise, the directions were also broken up into bins
containing the 4 cardinal directions and the 4 primary inter-cardinal directions. Figures 5-7 and
5-8 show the resulting histograms. The wind speed histogram shows a positively skewed
distribution with the maximum number of speeds occurring in the 5 mph bin. The directional

frequency shows that the prevailing wind flows along west direction.
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Figure 5-8 Frequency of wind direction in Pittsburgh, Pa

After compiling all of the wind data, a basic statistical analysis was performed in order to
determine the probability of occurrence of a particular speed or direction. Since there are two
variables that must occur, speed and direction, their probability can either be analyzed as a joint
probability or an independent probability. A joint probability is the probability that both events
A and B will occur, while an independent probability is the probability that event A will occur.
The joint probability is based on conditional probability, which is the probability that A occurs
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given that B has taken place (or will take place). Both of these cases were analyzed, however

only the joint probability is used so that is what is presented here. It was decided that the

direction of the wind flow is dependent on the wind speed (or vice versa) because they are given

as one entity by the NCDC data. The equation used to find the joint probability is given by:
P(ANB)=P(B)*P(A|B)=P(A)*P(B| A) (5.5)

where, P(ANB) is the joint probability, P(4) is the independent probability of A, and a

conditional probability is written as P(4|B) and read “probability of A given B.”

This formula can be interpreted by understanding that the probability that both A and B
take place requires two things to happen: first event A takes place, and then event B takes place
on the condition that A has already occurred.

In order to find the joint probability of the wind speed and direction from the NCDC data
equation 5.5 is used. Wind speed is event A and wind direction is event B. The individual P(A)
and P(B) are known from the histograms shown in Figures 5-7 and 5-8. In order to find the
conditional probabilities, the partnered daily speed and direction were sorted into bins falling
into the 5 mph increments discussed earlier. The results of this procedure are presented in the
histograms in Figure 5-9. The data shown in these histograms is P(B|A) and after it is found
equation 5.5 can be used to produce the joint probability. This process was also done using the
wind speed as event B and the wind direction as event A. P(ANB) = P(BNA), so the same
results should be found regardless of which variable is called event A or B. Table 5-4 and Table
5-5 present the conditional and joint probabilities respectively for the case where event A is wind
speed. Likewise, Table 5-6 and Table 5-7 present the conditional and joint probabilities

respectively where event A is wind direction.
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Table 5-4 Conditional Probabilities (P(A|B)) for A = wind speed and B = wind direction

Wind Direction
N NE E SE S SW w NW
= 5 55.3% | 74.5% | 68.3% | 68.5% | 57.8% | 41.7% | 34.7% | 35.2%
E':’_ — 10 35.4% | 23.1% | 28.0% | 25.0% | 34.9% | 41.0% | 37.1% | 41.0%
<
_g g— 15 7.8% 2.2% 3.6% 5.4% 6.6% 14.0% | 21.2% | 19.2%
-é = 20 1.2% 0.3% 0.2% 1.0% 0.5% 2.4% 5.5% 3.9%
25 0.3% 0.0% 0.0% 0.1% 0.1% 0.6% 1.3% 0.6%
sum | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
Table 5-5 Joint Probabilities (P(ANB)) for A = wind speed and B = wind direction
Wind Direction
N NE E SE S SW W NW sum
- 5 52% | 3.1% | 51% | 6.4% | 103% | 6.9% | 7.5% | 4.8% 49%
§ — 10 33% | 1.0% | 21% | 2.3% | 6.2% | 6.8% | 8.0% | 5.5% 35%
<
g g— 15 0.7% | 0.1% | 0.3% | 0.5% | 1.2% | 2.3% | 4.6% | 2.6% 12%
é = 20 01% | 0.0% | 0.0% | 0.1% | 0.1% | 0.4% | 1.2% | 0.5% 2%
25 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.1% | 0.3% | 0.1% 1%
sum | 9.4% | 4.2% | 7.4% | 9.4% | 17.9% | 16.6% | 21.6% | 13.5% | 100%
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Table 5-6 Conditional Probabilities (P(A|B)) for A = wind direction and B = wind speed

Wind Direction

N NE E SE S SW w NW sum

5 5 10.6% | 6.3% | 10.3% | 13.0% | 21.0% | 14.1% | 15.2% | 9.6% | 100%
§ - 10 9.4% | 2.7% | 59% | 6.6% | 17.7% | 19.3% | 22.7% | 15.7% | 100%

e
_‘g g— 15 6.0% | 0.7% | 2.2% | 4.1% | 9.5% | 19.0% | 37.3% | 21.1% | 100%
é = 20 46% | 04% | 0.6% | 4.0% | 3.8% | 16.1% | 48.7% | 21.6% | 100%
25 48% | 0.0% | 0.2% 1.0% | 2.5% | 20.7% | 54.7% | 16.1% | 100%
Table 5-7 Joint Probabilities (P(ANB)) for A = wind direction and B = wind speed
Wind Direction

N NE E SE S SW W NW sum

5 5 52% | 3.1% | 51% | 6.4% | 104% | 7.0% | 7.5% | 4.8% 49%
o 10 3.3% 1.0% | 2.1% | 23% | 6.2% | 6.8% | 8.0% | 55% 35%
_‘Z’- -é- 15 0.7% | 0.1% | 0.3% | 0.5% 1.2% | 2.3% | 4.6% | 2.6% 12%
é = 20 0.1% | 0.0% | 0.0% | 0.1% | 0.1% | 0.4% 1.2% | 0.5% 2%
25 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.1% | 0.3% | 0.1% 1%

sum | 9.4% | 4.2% | 7.4% | 9.4% | 17.9% | 16.6% | 21.6% | 13.5% | 100.0%
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5.4.2 Example Calculation

In this study the fatigue life of the elements identified in Figure 5-10 and Table 5-8 were

calculated

41

Y
T

—

PN

e

Figure 5-10 Critical elements at the left and right end
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Table 5-8 ANSY'S element numbers corresponding to Figure 5-12

Number ANSYS Element # ANSYS Element # | Connection
(4 sign model) (5 sigh model) Category
1 1766 1826 E
2 1866 1926 E
3 1665 1725 E
4 1650 1710 E
5 1861 1921 E

In order to better understand the procedure adopted in this study, the calculation of the fatigue
life of element 1921 is described. This element is diagonal angle and is located at the left end on
the rear face of the truss. It is connected to the truss chord via a filet weld and therefore falls into
the fatigue detail category E. After running the ANSYS model, the stress time history response
is obtained for each element. Figure 5-11 shows the stress history for a 25 mph base wind. The
stress history is found at both ends of the element (nodes i and j) because the measured stress is a
combination of bending and direct stress; the bending stress gives rise to different values at each
node. The stress in nodes i and j is very similar; this is expected because the load on the

structure is not very high.
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Figure 5-11 Stress time history for element 1921 at a base speed of 25 MPH
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Time histories were found for all of the base wind speeds from 5 to 25 mph. The next
step was to use the matlab file rain4.m to find the complete stress cycles in this time history.
Table 5-9 lists the stress values calculated at the completion of each cycle. Recall that if a stress
range contains the starting point s of the distribution when using the rainflow method, that stress
range only counts as a half a cycle rather than a full cycle. Those ranges for which this is the
case are highlighted in Table 5-9. The complete calculation of these stress ranges is shown in
Appendix B.

Table 5-9 Stress ranges in psi in element 1921 at 25 mph

Stressati | Stressatj
349.78 | 345.09
414.83 | 410.68
608.54 | 605.85
649.56 | 657.64
775.23 | 766.49
777.04 | 779.58
905.54 | 927.54
945.49 | 936.50
946.48 | 967.84
966.74 | 973.28
995.23 | 1022.57

1462.67 | 1466.41

For fatigue detail E the CAFL fatigue threshold set by AASHTO is 4500 psi (AASHTO
2001). According to the stress life method, only those stress ranges with a value greater than
half of this threshold will cause fatigue damage. In the case of an E detail, only values above
2250 psi will be considered. None of the stress ranges in Table 5-9 are above this CAFL, but for
the sake of this example they will all be used to show how damage is calculated.

Next, the number of cycles (N) required to induce damage was calculated by using the S-

N curves shown in Figure 5-2. Equation 5.1 gave the equation of the curve:
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(5.1)

For fatigue category E the constant A is equal to 11 x 10® ksi® and the damage (D) caused by one

cycle can then be found by dividing 1 by N:

Table 5-10 The damage at node i and j of element 1921 caused by a 25 mph wind

node i node j
ni Ni ni Ni

Si (psi) (cycles) (cycles) i Si(psi) (cycles) (cycles) Di
349.78 0.5 2.57E+10 | 1.95E-11 345.09 0.5 2.68E+10 | 1.87E-11
414.83 0.5 1.54E+10 | 3.24E-11 410.68 0.5 1.59E+10 | 3.15E-11
608.54 0.5 4.88E+09 | 1.02E-10 605.85 0.5 4.95E+09 | 1.01E-10
649.56 1 4.01E+09 | 2.49E-10 657.64 1 3.87E+09 | 2.59E-10
775.23 0.5 2.36E+09 | 2.12E-10 766.49 0.5 2.44E+09 | 2.05E-10
777.04 2.34E+09 | 4.27E-10 779.58 1 2.32E+09 | 4.31E-10
905.54 1.48E+09 | 6.75E-10 927.54 1 1.38E+09 | 7.25E-10
945.49 1.30E+09 | 7.68E-10 936.50 0.5 1.34E+09 | 3.73E-10
946.48 0.5 1.30E+09 | 3.85E-10 967.84 1 1.21E+09 | 8.24E-10
966.74 1 1.22E+09 | 8.21E-10 973.28 1 1.19E+09 | 8.38E-10
995.23 1 1.12E+09 | 8.96E-10 1022.57 1 1.03E+09 | 9.72E-10
1462.67 1 3.52E+08 | 2.84E-09 1466.41 1 3.49E+08 | 2.87E-09

2D 7.43E-09 2D 7.65E-09

The Palmgren-Miner rule states that the total damage can be found by summing all of the
individual damages. In the case of node i the total damage is 7.43 x 10” and is 7.65 x 10” for
node j. These values are unitless.

In order to turn these damages into fatigue lives the wind probability data given in section
5.4.1 is needed. Because the sign is oriented such that wind flowing in the north and south
direction hits it, only those probabilities are needed.

Table 5-11, which presents these

probabilities, was extracted from Table 5-7.
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Table 5-11 Probability of wind blowing in a certain direction for a certain speed

Probability of Probability of

northern wind southern wind
5 5.210% 10.353%
-93 _ 10 3.338% 6.245%
SE 15 0.738% 1.173%
§ =~ 20 0.112% 0.094%
25 0.025% 0.013%

Because the load was applied to the model for a 5 second time period, the number of 5

second cycles in one year must be found:

(365 9S4 6400 ﬁj / 5sec = 6,307,200
year day

The number of 5 second cycles/year of each wind speed in both the north and south direction can
be found by multiplying the directional probability by 6,307,200 cycles/year. These values are

given in Table 5-12.

Table 5-12 Number of 5 second cycles per year for given direction and speed

5 second 5 second
cycles/year (N) cycles/year (S)
5 328,577 653,000
©
- 10 210,537 393,898
o <
o g 15 46,521 73,971
T E
g 20 7,084 5,926
25 1,567 817

The damage caused in one year is then found by multiplying the summed damage at a particular
wind speed by the number of 5 second cycles/year of the corresponding wind speed and
direction. For example, the damage caused by a 25 mph wind in the northern direction at node 1

of element 1921 is given by:
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7.43-10—9(Lj*1567(0y"’les}=1.16-10-5( ! ]
cycle year year

The amount of damage per year caused at each wind speed in each direction is summed.
Because failure occurs when D = 1, the total number of years over which damage must
accumulate in order for failure to occur can be found by dividing 1 by the sum of the cumulative
damage in an element. For example Table 5-13 shows how the calculation works for node i of

element 1921 at a base wind speed of 25 mph.

Table 5-13 Fatigue life calculation for node i of element 1921 at 25 mph

Step 1: Sum the damage due to winds from the Z D,.,=116-107
north.

Step 2: Sum the damage due to winds from the Z D, =607-10°
South. ‘

Step 3: Fatigue life is equal to the inverse of
the sum of the damages

Life = =5.66-10° years

1
Z Dnorth + z onuth

This high number of years found for the fatigue life shows why it is reasonable to exclude
values below half of the CAFL. Anything with a fatigue life greater than 50 years theoretically
has an infinite life, and the value in Table 5-13 is much greater than 50 years. In order to include
all 5 base wind speeds in the fatigue life calculation, the same process as that outlined in Table 5-
13 would be followed, but rather than summing the damage in each direction for only one base

speed, the amount of damage caused by all of the base speeds would be summed.

5.4.3 Results

As was explained above, only those stress ranges above one half of the CAFL cause fatigue

damage. None of the critical elements in either the 4 or 5 sign structure have stress ranges that
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meet this criterion so each element can be said to have an infinite life. This makes sense because

these structures are designed to withstand dynamic fatigue inducing forces, so unless they are

incorrectly designed we should expect them to have an infinite life.

In order to make a comparison between the 4 and 5 sign model, the complete fatigue life

calculations shown in the example calculation of section 5.4.2 were carried out for all base wind

speeds. Even though all of the stress ranges were below the CAFL, they were all used to find the

fatigue lives shown in Tables 5-14 and 5-15, which show the life results for the 4 and 5 sign

model respectively. The tables only include the diagonal critical members, though the vertical

members would follow the same trend. The fatigue life is longer for all of the members in the

four sign model. This makes sense because there is less loading applied to the truss. The stress

ranges in the members in the four sign model were much lower than those in the five sign model,

thus leading to a longer lifetime.

Table 5-14 Fatigue life for the four sign model

Total Damage

5mph | 10 mph | 15 mph | 20 mph | 25 mph sum | Life (years)
north |4.15E-10 | 9.17E-09 | 2.84E-08 | 1.61E-07 | 5.39E-08
4.78E-07| 2,092,343
1836 south | 8.25E-10 | 1.72E-08 | 4.51E-08 | 1.34E-07 | 2.81E-08
north |3.88E-10 | 7.57E-09 | 3.22E-08 | 4.24E-08 | 5.31E-08
2.65E-07| 3,775,050
south | 7.72E-10 | 1.42E-08 | 5.11E-08 | 3.55E-08 | 2.77E-08
north | 1.93E-10 | 3.30E-08 | 9.72E-08 | 2.24E-07 | 1.09E-07
9.25E-07| 1,081,096
1921 south |3.83E-10 | 6.18E-08 | 1.55E-07 | 1.88E-07 | 5.68E-08
north |3.05E-10 | 3.40E-08 | 8.13E-08 | 2.63E-07 | 1.11E-07
9.61E-07| 1,041,087
south |3.66E-10 | 6.36E-08 | 1.29E-07 | 2.20E-07 | 5.81E-08
north |3.52E-10 | 5.51E-08 | 7.53E-08 | 4.72E-08 | 3.51E-07
9.74E-07| 1,026,406
G south | 6.99E-10 | 1.03E-07 | 1.20E-07 | 3.95E-08 | 1.83E-07
north | 2.44E-10 | 6.53E-08 | 2.48E-08 | 3.96E-07 | 4.18E-07
1.62E-06| 618,741
south | 4.85E-10 | 1.22E-07 | 3.95E-08 | 3.32E-07 | 2.18E-07
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Table 5-15 Fatigue life for the five sign model

Total Damage
5mph | 10 mph | 15 mph | 20 mph | 25 mph sum Life (years)

north | 1.29E-09 | 5.56E-08 | 1.76E-07 | 2.53E-07 | 1.20E-07

1.27E-06| 789,506
1876 south | 2.57E-09 | 1.04E-07 | 2.80E-07 | 2.12E-07 | 6.25E-08
north | 1.33E-09 | 2.15E-08 | 1.60E-07 | 2.14E-07 | 1.23E-07

1.12E-06| 892,939
south | 2.65E-09 | 9.99E-08 | 2.55E-07 | 1.79E-07 | 6.41E-08
north | 1.61E-08 | 2.82E-06 | 4.55E-07 | 2.20E-06 | 1.16E-05

2.68E-05 37,322
1921 south | 3.20E-08 | 9.92E-07 | 7.23E-07 | 1.84E-06 | 6.07E-06
north | 1.64E-08 | 2.95E-06 | 4.56E-07 | 2.61E-06 | 1.20E-05

3.27E-05| 30,558
south |3.25E-08 | 5.52E-06 | 7.25E-07 | 2.19E-06 | 6.25E-06
north | 2.56E-09 | 2.81E-07 | 4.58E-07 | 1.79E-06 | 3.21E-07

5.77E-06| 173,240
1526 south |[5.08E-09 | 5.26E-07 | 7.29E-07 | 1.50E-06 | 1.67E-07
north |2.44E-09 | 2.65E-07 | 5.21E-07 | 2.14E-06 | 2.77E-07

6.47E-06| 154,486
south |[4.86E-09 | 4.95E-07 | 8.28E-07 | 1.79E-06 | 1.44E-07

Though the results show that the structure will have an infinite life, it cannot be 100%

concluded that the structure will never sustain any fatigue damage.

This analysis method

assumes that the connections between members are made to code, which may not be the case. A
survey sent to all of the 50 state’s and Canadian province’s departments of transportation in 2008
(Rizzo et al. 2008) asked the respondents to identify common problems that have occurred in
sign structures within their jurisdiction. Some of these problems include cracks in welds and
loose or missing bolts. A weakened connection like this could result in the occurrence of fatigue
damage. Members with welded connections are still the most critical elements due to their lower
CAFL and should be closely checked for fatigue cracks when inspections are performed.
Specifically, the members closest to the truss ends should be directly monitored.

It should be pointed out that the fatigue life predictions estimated by Ginal (2003) and L1
(2005) were very different from one another. The truss with a flat panel sign in Ginal was a
Unlike this

trichord overhead structure and Li performed an analysis on a box chord truss.
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current project and Li’s project, Ginal included truck induced wind gusts and the structure’s self
weight in his investigation. In the case of Ginal the lowest fatigue life in a diagonal member was
4 years whereas Li found that the connection between a diagonal and truss chord had an infinite
life. The method of using wind probabilities in the present study to find fatigue lives was based
on the method used by Ginal, though the results found here are more consistent with those
presented by Li. Despite this, it is difficult to compare the three studies because the trusses in
each were of varying lengths and had different sign attachments. Additionally, the truss
members in the current study were angles whereas those in both previous studies were tubular
members. Tubular members have a different fatigue detail category with a lower CAFL

(category ET) and therefore smaller stress values can cause damage.

5.5 CONCLUSION

This chapter presented the method for determining the fatigue life of members within the model.
This method has been used by past researchers doing similar projects. By building a finite
element model, finding the stress time history and using a cycle counting method to determine
complete stress cycles, and then using the Palmgren Miner rule of linear damage accumulation
the fatigue life can be found. The results found in this chapter are for an undamaged structure;

the next chapter will discuss what happens when a structure in the field is damaged.
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6.0 FATIGUE LIFE OF A DAMAGED SIGN

This chapter will assess the fatigue life of a structure with a few damaged members and compare
the results to those from Chapter 5.

In order to simulate damage changes were made to the model prior to running the
simulation. First, members were randomly chosen from the truss near the two tower supports.
This group was selected because past research found that damage largely occurs near the
supports. After selecting the members to be damaged, their Young’s Modulus (E) was reduced.
The reduction cut E in half in order to simulate that these members had a lower load carrying
capacity then they previously did. Finally, the model was run in ANSYS using the same wind
loads described in Chapter 4. The process used to find the fatigue life of the damaged structure
was the same as that presented in Chapter 5. All of this was done twice: once with one randomly
selected member damaged, and a second time with this member and an adjacent member

damaged.

6.1 SIMULATION

The first member that was selected to be damaged was the chord member shown in Figure 6-1.

The same critical members shown in Figure 5-12 were chosen again in order allow for a
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The signs are not shown in the

comparison between the damaged and undamaged scenarios.

figure below so that the chosen elements are easily seen. Because the 5 sign model is what is

actually erected in the field, the damage simulations were not performed for the 4 sign model.

Figure 6-1 Member with a reduced capacity

Along with this model, a model with 2 damaged chord members next to one another was made.

This model is shown in Figure 6-2.

Figure 6-2 2 members with reduced capacity
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6.1.1 Results

The fatigue lives of critical members in these two models were found. Like the pristine model,
the fatigue lives are once again infinite. This shows that the structure is redundant enough to
withstand some minor damage without it impacting the overall fatigue life of the structure. As
was done in Chapter 5, fatigue lives of critical elements were found even though all of the stress
ranges were below the CAFL in order to compare the results. Table 6-1 shows the results of the
model with 1 element damaged, and Table 6-2 shows the results with 2 elements damaged.
Comparing the two tables shows that a slight reduction in lifetime occurs when a second element
is damaged. Additionally, the shortest fatigue life in element 1921 in the pristine case presented
in chapter 5 was 30,558 years, while it is 18,673 years and 18,666 years in the case when 1 or 2
elements are damaged. Thus, damage in the chord members will impact fatigue life in critical

members, but not enough to result in their failure.
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Table 6-1 Fatigue life with 1 element damaged

Total Damage

9.15E-09

2.89E-06

5.08E-07 | 2.35E-06

1.64E-05

1.82E-08

5.41E-06

8.08E-07 | 1.96E-06

8.56E-06

sum Life (years)

3.89E-05

1.78E-08

3.88E-06

5.02E-07 | 1.79E-06

2.48E-05

3.53E-08

7.26E-06

7.98E-07 | 1.50E-06

1.29E-05

Table 6-2 Fatigue life with 2 elements damaged

Total Damage

5.36E-05

7.68E-09

3.73E-06

5.13E-07 | 2.50E-06

1.65E-05

1.53E-08

6.98E-06

8.15E-07 | 2.09E-06

8.58E-06

sum Life (years)

4.17E-05

1.38E-08

3.87E-06

5.06E-07 | 1.79E-06

2.49E-05

2.75E-08

7.24E-06

8.05E-07 | 1.50E-06

1.30E-05

5.36E-05

A model was also made that simulated damage in element 1926 to show what would

happen if one of the critical members became damaged. This was done in order to see the effect

it would have on other critical members. Damage was simulated in a similar way to the other

damaged models, but rather than cutting Young’s modulus in half, it was reduced to zero. Once
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again the stress ranges were below the CAFL and the fatigue lives were infinite. Table 6-3

shows the fatigue lives for the two undamaged diagonal critical elements As in the two previous

cases, damage will affect the critical members, but not enough to cause fatigue problems.

Table 6-3 Fatigue Life when Critical element 1926 is damaged

Total Damage
5mph | 10 mph | 15 mph | 20 mph | 25 mph sum Life (years)
north | 4.24E-10 | 3.35E-08 | 4.47E-08 | 1.74E-07 | 2.11E-07
i 8.56E-07 | 1,168,864
1836 south | 8.43E-10 | 6.28E-08 | 7.11E-08 | 1.46E-07 | 1.10E-07
: north | 4.38E-10 | 5.06E-08 | 4.09E-08 | 1.68E-07 | 3.73E-07
j 1.13E-06 886,863
south |8.71E-10 | 9.47E-08 | 6.50E-08 | 1.40E-07 | 1.94E-07
. north | 1.58E-08 | 3.37E-06 | 2.15E-07 | 3.99E-07 | 1.39E-05
i 3.21E-05 31,126
1921 south | 3.14E-08 | 6.31E-06 | 3.42E-07 | 3.34E-07 | 7.23E-06
. north 1.61E-08 | 3.41E-06 | 1.39E-07 | 4.10E-07 | 1.43E-05
j 7.93E-05 12,603
south | 3.20E-08 | 6.38E-06 | 2.21E-07 | 3.43E-07 | 5.41E-05

Table 6-4 compares the results of the pristine structure to the results from the structure

with two damaged elements. It can be seen that all of the stress lifetimes decrease from the

pristine case to the case where two elements are damaged. The biggest change in the group came

in element 1826 at node j where the fatigue life was reduced by about 46%.

Table 6-4 Reduction in Fatigue life

Fatigue Life of Element (years)
1826 1921 1926
i j i i i i
Pristine 789,506 892,939 37,322 30,558 173,240 154,486
2 Damaged Elements | 585,374 485,971 23,978 18,666 132,843 136,194
% Reduction 25.86% 45.58% 35.75% 38.92% 23.32% 11.84%

Table 6-5 shows a comparison between the Pristine structure and the structure with

critical element 1926 damaged. When a member is severely damaged as was the case of element

1926 in this model, the flow of forces through the members change. In this case the life time of

element 1826 increased at node i. This shows that what was once a critical element is no longer
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a critical element. Element 1926’s fatigue life did go down, so it is still considered to be a

critical element.

Fatigue Life of Element (years)
1826 1921
i i i i
Pristine 789,506 | 892,939 37,322 30,558
Element 1926 Damaged| 1,168,864 | 886,863 31,126 12,603
% reduction +48.05% 0.68% 16.60% 58.76%

It is worth noting that both Ginal (2003) and Li (2005) limited their analysis to the
evaluation of the fatigue life of pristine structures. As such a comparison between the present

study and previous research cannot be made.

6.2 CONCLUSION

The presence of damage in certain members within the truss does not affect the fatigue life of
other members within the truss. Because the exact type of damage in a structure cannot be
known without closely inspecting the structure, the actual location and type of damage (if any

exists) cannot be accurately modeled. Because of this, those members with critical connections

should be carefully inspected in order to prevent unwanted damage.
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7.0 CONCLUSION

7.1  DISCUSSION

The importance of highway sign structures to the nation’s roadways is undeniable. For this
reason, it is important to know where and when these structures need to be inspected and
possibly repaired. One way to obtain this information is by estimating the fatigue life of critical
elements in such a structure. This thesis presented an evaluation of the fatigue life of a specific
highway sign structure in western Pennsylvania. Much research has been done in the past on
various aspects of such structures including similar studies to this one. In order to perform this
work the structure was modeled in the finite element program ANSYS and a dynamic wind
loading was applied to it. This wind loading was generated using the Kaimal wind spectrum.
Using ANSYS, the stress history of critical elements was found. A rainflow counting algorithm
was then used in order to find the complete stress cycles within the time history and the
AASHTO stress-life curves were used to find the damage associated with a particular stress
cycle. Lastly, the Palmgren Miner rule of linear damage accumulation was used to find the
fatigue life each critical member.

Chapter 3 presented the details of the structure. Creating an accurate model of a real
structure was one of the most important steps in the process of determining fatigue life. This was

done by using the commercial finite element program ANSYS.
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Chapter 4 presented the way in which the wind pressure loading used in the model was
developed. Due to the structure type being studied, only natural wind loading was applied to the
model. AASHTO (2001) does not require the consideration of vortex shedding in overhead sign
structures and NCHRP Report 494 (Fouad et al. 2003) found that galloping does not affect
overhead truss type structures. Much of the recent work done on truck induced gusts studied
their effects on VMS structures. Since only flat paneled signs are attached to the structure, truck
induced gusts were not included in this study.

A 5 second natural wind load was developed by using the Kaimal wind spectrum and
base speeds in the range of 5-25 mph. Wind data gathered from the NCDC website relative to
the Pittsburgh International Airport were considered.

After applying the wind pressure to the ANSYS model, stress histories for critical
members were extracted from the program in order to calculate their fatigue lives. The critical
members were chosen based on their connection type, with the welded diagonal members being
the most critical. Because the stress histories from ANSYS are not periodic, a rainflow counting
algorithm was needed to find the value of the complete stress cycles within critical members.
The AASHTO stress life curves (AASHTO 2004) and a linear damage accumulation method
were then used to find the fatigue lives.

The results found here show that the most critical diagonal member has an infinite fatigue
life. While this result is specific to this structure, similar results should be expected for other
overhead structures. Even though the results predict an infinite life, the exact conditions in the
field cannot be predicted without actually looking at the real structure. As such, sign structures

should be closely inspected for any defects that may lead to reduced fatigue performance. By
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making note of any sort of damage found during inspection, steps may be made to correct the
problem. Doing so will allow the most critical members to achieve the longest lifetime possible.
The method used to calculate fatigue life in this report could be used for any type of
overhead sign structure. The geometry and material properties of the new structure would need
to be accurately modeled in ANSYS or a similar program and the wind load found in Chapter 4
could be applied. The Matlab program rain4.m (found in Appendix B) could be used to find the
complete stress cycles in critical members. The AASHTO curve which corresponded to the

member connections under investigation would then need to be used to calculate the fatigue life.

7.2 FUTURE WORK

Based on the work done here future studies may include the:

e Simulation of the chain of events that would lead to the failure of more members
allowing for the determination of complete structure failure,

o ficld instrumentation of a structure in order to determine the wind loading scenario more
accurately,

e more detailed modeling of the connections at the base of the structure’s uprights in order
to determine the condition of nearby members when the structure is subjected to fatigue
loading.

¢ the extension of the analysis to other types of structures in order to make an inclusive

comparison among the fatigue lives of such structures.
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APPENDIX A

SIGN MODEL INFORMATION

Table A-7-1 Model information

Span 194’
Truss Depth 7.5
Truss Width 10’

Material Type Steel
Tower A Height 26’-5”

Panel Point Spacing | 22’-8”
Tower B Height 28’

Panel Point Spacing | 24’-3”
Element type 1 Beam4
Element type 2 SHELL63

Section Property 1 | L 8x8x7/8

Section Property 2 | L 4x4x3/8

Section Property 3 | L 4x4x5/8

Section Property 4 | L 3.5x3.5x5/16

Section Property 5 | C 15x33.9

Section Property 6 | C4x5.4

Section Property 7 | W 30x124

Section Property 8 | W 6x12

Section Property 9 | W 6x8.5

Thickness =

Section Property 10 | 1/4"

Section Property 11 | Thickness = 4"

Section Property 12 | L8x8x5/8
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Material Model 1

Young's Modulus

29 E 6 PSI
Poisson's Ration 03
Density 0.282 Ib*/in®

Material Model 2

Young's Modulus

10 E6 PSI
Poisson's Ration 0.35
Density 0.098 Ib*/in®
Element | Section | Material
Type Property | Model

Top Chord 1 1 1
Bottom Chord 1 1 1
Top Diagonal 1 4 1
Bottom Diagonals 1 4 1
Elevation Diagonals 1 2 1
Elevation Verticals 1 2 1
Uprights 1 7 1
Upright Web 1 3 1
Catwalk 2 11 2
Sign 2 10 2
Sign and Catwalk Support 1 8or9 1
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APPENDIX B - SIMULATION FILES

B.1 MATLAB FILE WIND.M FOR WIND HISTORY SIMULATION

clear

%This matlab script will calculate a random wind load over a period of ten
%seconds. A value will be found at every increment of 0.01 seconds. The
%ten second wind history that is found will be used in an ANSYS
Y%simulation.

ui1o0
z

input(“enter a value for mean wind speed in mph: ");
input(“enter a value for structure height in ft: s

%Establish input data

Cd = 1.16; %Coefficient of drag for highway signs

A = 420; %Area of Signs

T = 10.0; %Duration of the simulation (sec)

dt = 0.01; %Time increment for the simulation (sec)

fLow = 0.1; %Lower frequency in spectrum (Hz)

fHigh = 10; %Upper frequency in spectrum (Hz)

df = 0.01; %Increment in frequency (Hz)

alpha = 7; %Constant for power law exponent

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

z0 = 0.035; %terrain roughness for open terrain (m) (liu, 1991)

Z1 = 10.0; % The conventional reference
height (m)

ul = (56280.0/3600.0*12*0.0254)*U10; %Steady (mean) wind speed at the
reference height (n/s)

Z = 7*12*0.0254; %Convert height to m

%Use equation 4.1 to find V(z)
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Uz = U1*((z/z1)~(1/alpha)); %The steady mean wind speed at
height Z (m/s)

%Use equation 4.10 to find the shear velocity u*
Ustar = K*Uz/(log(2/z0)); % Friction (or shear) velocity ,
(ft/sec)

%end of input

%Use a loop to calculate the Kaimal spectral value for each incremental
%frequency from equation 4.9

1 =1;
terml = 200.0*Ustar”"2*Z; %Use the kaimal (1972)
spectrum terml is the numerator
for f=fLow:df:fHigh; %f is the frequency array
term2(i) = Uz*(1.0+(50.0*F*2)/(Uz))"(5/3); wdenominator array for ST expression
ST(i) = terml/term2(i); %create the spectral array (Ixn)
i= i+1;
end
time=0:dt:T; %time series of 1001 time steps (10 seconds)
frequency=fLow:df:fHigh; %create array of frequency values

%create an array of random numbers from O to 2*pi for the WAWS method:
phi=2*pi*rand(1,9991);

%a value for v(t) is now found for each time step.

for t=1:1:1001; %frequency steps from 0.1 to 10 in steps of 0.01
summation(t)=0;

%Use a nested loop to find the value of v (t) from equation 4.11 by
%summing over all of the spectral values at one time t

for j=1:1:991; %there are 9990 frequency values
V() =((Sf(g)*frequency(J)*df)”"0.5)*cos(2.0*pi*frequency(J)*time(t) + phi());

%calculate the turbulent wind speed
summation(t) = (270.5)*V(t) + summation(t);

end

fSum(t)=summation(t)+Uz; %sum the turbulent and mean wind speed (m/s)

Pressure(t)=0.5*1.201*Cd*(fSum(t)"2); Y%pressure in Pa

Pressure_beam(t)=0.5*1.201*0.748*(fSum(t)"2);

force(t)=A*Pressure(t); %Force in N

Pressure(t)= 0.000145037738*Pressure(t); %Convert Pressure to PSI

Pressure_beam(t)=0.000145037738*Pressure_beam(t); %Convert
Pressure to PSI

end
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ftsum=FSum/ (12*.0254); %Convert velocity to ft/s

bl=rot90(time,b3);
b2=rot90(force,3);
dl=rot90(Pressure,3);
d2=rot90(Pressure_beam,3);
speed=rot90(fSum,3);

%Export Files for use in ANSYS

save("C:\Users\A Spada\Documents\thesis work\loads\time_step.txt","bl","-
ASCII™)

save("C:\Users\A Spada\Documents\thesis work\loads\time_press.txt","dl","-
ASCII™)

save("C:\Users\A Spada\Documents\thesis

work\loads\time_ pressbeam.txt","d2","-ASCII")

B.2 MATLAB FILE RAIN4.M FOR RAINFLOW COUNTING

clear;

%This m File performs the ASTM 1049 E rainflow counting method for a given
%set of data. The output “values®™ are the cycles from the counting process
%and the output “half _values® are the left over cycles which are to be
%counted as half cycles. The first part of this file was created to find
%local extrema by Carlos Adrian Vargas Aguilera and obtained from
%http://www.mathworks.com/matlabcentral/fileexchange/loadFile.do?objectld=122
75&objectType=File

%%%attention: this only works when the data being read contains an even
%%%number of data points and the function starts with a local minima. |ITF
%%%it starts with a maxima, simply change the location of count and count+1l
%%%in the data integration loop. (for starting with a minima count should
%%%be First).

%EXTREMA  Gets the global extrema points from a time series.
% [XMAX, IMAX,XMIN, IMIN] = EXTREMA(X) returns the global minima and maxima
% points of the vector X ignoring NaN®s, where

% XMAX - maxima points in descending order
% IMAX - indexes of the XMAX
% XMIN - minima points in descending order

% IMIN - indexes of the XMIN

%

% DEFINITION (from http://en.wikipedia.org/wiki/Maxima_and_minima):

% In mathematics, maxima and minima, also known as extrema, are points in
%  the domain of a function at which the function takes a largest value
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%
%
%
%
%
%
%
%
%
%

%
%
%
%
%
%
%

%
%
%
%
%
%
%

(maximum) or smallest value (minimum), either within a given
neighbourhood (local extrema) or on the function domain in its entirety
(global extrema).

Example:
x = 2*pi*linspace(-1,1);
y = cos(x) - 0.5 + 0.5*rand(size(x)); y(40:45) = 1.85; y(50:53)=NaN;
[ymax, imax,ymin,imin] = extrema(y);
plot(x,y,x(imax),ymax, "g.",x(imin),ymin,"r.%)

See also EXTREMA2, MAX, MIN

Written by

Lic. on Physics Carlos Adrian Vargas Aguilera
Physical Oceanography MS candidate
UNIVERSIDAD DE GUADALAJARA

Mexico, 2004

nubeobscura@hotmail .com

From > http://www.mathworks.com/matlabcentral/fileexchange
File ID : 12275

Submited at: 2006-09-14

2006-11-11 : English translation from spanish.

2006-11-17 : Accept NaN"s.

2007-04-09 : Change name to MAXIMA, and definition added.

%Changes made by JAK
%2008-10-08 : integrated maxes and mins into one array called extremes

xmax = [1;
imax = [];
xmin = [];
imin = [];

% Vector input?

data=load("c:\users\A spada\desktop\raindata.txt", "r-);
Nt = numel(data);

if Nt ~= length(data)

error("Entry must be a vector.")

end

% NaN"s:

inan = find(isnan(data));
indx = 1:Nt;

ifT ~isempty(inan)

indx(inan) = []1;
data(inan) = []:
Nt = length(data);
end

% Difference between subsequent elements:

dx

= diff(data);
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% Is an horizontal line?
if ~any(dx)

return
end

% Flat peaks? Put the middle element:

a = find(dx~=0); % Indexes where x changes
Im = find(diff(a)~=1) + 1; % Indexes where a do not changes
d = a(lm) - a(Im-1); % Number of elements in the flat peak

a(Ilm) = a(Im) - floor(d/2); % Save middle elements
a(end+1) = Nt;

% Peaks?

xa = data(a); % Serie without flat peaks

b = (diff(xa) > 0); % 1 => positive slopes (minima begin)
% O => negative slopes (maxima begin)

xb = diff(b); % -1 => maxima indexes (but one)
% +1 => minima indexes (but one)

imax = find(xb == -1) + 1; % maxima indexes

imin = find(xb == +1) + 1; % minima indexes

imax = a(imax);

imin = a(imin);

nmaxi = length(imax);
= length(imin);

% Maximum or minumim on a flat peak at the ends?
if (nmaxi==0) && (nmini==0)
if data(l) > data(Nt)

xmax = data(l);
imax = indx(1);
xmin = data(Nt);
imin = indx(Nt);
elseif data(l) < data(Nt)
xmax = data(Nt);
imax = indx(Nt);
xmin = data(l);
imin = indx(1);
end
return
end

% Maximum or minumim at the ends?
it (nmaxi==0)
imax(1:2) = [1 Nt];
elseif (nmini==0)
imin(1:2) = [1 Nt];
else
if imax(1) < min()
imin(2:nmini+1) = imin;

imin(1) = 1;

else
imax(2:nmaxi+1l) = imax;
imax(1) = 1;

end

if imax(end) > imin(end)
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imin(end+1) = Nt;
else
imax(end+1) = Nt;
end
end
xmax = data(imax);
xmin = data(imin);
% NaN"s:

if ~isempty(inan)
imax = indx(imax);
imin = indx(imin);

end

% Same size as X:

imax reshape(imax,size(xmax));
imin reshape(imin,size(xmin));

%%integrate max and mins into one data set
disp(xmin);

k=1;

for count=1:2:(length(imax)+length(imin))

data_extremes(count)=xmin(k);
data_extremes(count+1)=xmax(k);
k=k+1;

end
extremes=rot90(data_extremes,3);

% Descending order:

%[temp, inmax] = sort(-xmax); clear temp
%xmax = xmax{inmax);

%imax = imax{inmax);

%[xmin, inmin] = sort(xmin);

%imin = imin(inmin);

% Carlos Adrian Vargas Aguilera. nubeobscura@hotmail.com

%%——-—-- begin JAK"s rainflow counting scripts—-----
extr_elems=rot90((1:numel (extremes)),3);
X=[extr_elems extremes];

i=0;

3=0;

s=X(1,2);

[rows, cols]=size(X);

N=X(1);

while N<=rows

%%Step 2 part 1
while N<3
N=N+1;
end
%%step 3
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x=abs(X(N,2)-X((N-1),(2)));
y=abs(X((N-1),2)-X((N-2),2));

%Y%step 4

it x>y
i=i+l;
ranged(1,i)=y;
disp(ranged(1,1))

iT X((N-2),2)==s
cycle value(l1,1)=0.5;
s=X((N-1),2);
X((N-2),:)=L1;
N=N-1;
else
cycle value(l,1)=1;
X((N-1),:)=[1;
X((N-2),:)=L1;
N=N-1;
end
else
N=N+1;
end
[rows, cols]=size(X);
end

%%step 6

d=rot90(ranged(1:1),3);
f=rot90(cycle value(1:1),3);

values=[d f]
for p=1:(rows-1)
half_cycle(p)=abs(X(p,2)-X((p+1),2));

end
g=rot90(half_cycle,3);

half_values=[qd]

save("C:\Users\A Spada\Documents\thesis work\rainflowdata\cycles.txt","d","-
ASCII™)

save("C:\Users\A Spada\Documents\thesis
work\rainflowdata\halfcycles.txt","g","-ASCII")
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B.3 HAND CALCULATION OF STRESS CYCLES IN ELEMENT 1921 FOR 25 MPH

WIND

This is done by following the procedure outlined in the flowchart in Figure 5-5.
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-200
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-800

Figure B-1 Peaks and Valleys of the time history for rainflow counting

Step # Y X X>Y?
1 AB BC yes

Because AB contains the starting point, AB is 2 cycle, and B becomes the starting point:
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Because CD contains the starting point, CD is 2 cycle, and D becomes the starting point:
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5 EF FG yes

Count EF as 1 cycle and discard points E and F:
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Step # Y X xX>Y?
6 DG GH yes

Because DG contains the starting point, DG is % cycle, and G becomes the starting point:

1000

800

w
———
I

600 i
400 1
200 \
)
-200 \
o A A A
-600 H UL

-800

I\Q a L

[

—
—
g

T ———
-—-—..___-

<

<
=)
<«

Step # Y X xX>Y?
7 GH HI yes

Because GH contains the starting point, GH is % cycle, and H becomes the starting point:
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Step # Y X xX>Y?
8 HI 1 no
9 1 JK no
10 JK KL yes

Count JK as 1 cycle and discard points J and K:
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xX>Y?
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Step #

xX>Y?

18

yes

Count LS as 1 cycle and discard points L and S:
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Step # Y X X>Y?
19 IT TU no
20 TU uv no
21 uv VW yes
Count UV as 1 cycle and discard points U and V:
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Step # Y X xX>Y?
22 TW WX no
23 WX XY no

Out of Data. This is the end of the rainflow counting process.

Stress Ranges from this process are:

Cycle Stress n
Range
AB 349.78 0.5
BC 414.83 0.5
CcD 608.54 0.5
EF 649.56 1
DG 775.23 0.5
GH 946.48 0.5
JK 966.74 1
MN 777.04 1
PQ 905.54 1
OR 995.23 1
LS 1462.67 1
uv 945.49 1
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APPENDIX C - AASHTO FATIGUE DETAIL TABLE
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Standard Specifications for Structural Supports for Highway Signs, Luminaires and Traffic Signals

Table 11-2. Fatigue Detalils of Cantilevered Support Structures

Construction Detail Stress Application Example
Category
Plain Members 1. With rolled or cleaned surfaces. Flame-cut A - -
edges with ANSI/AASHTO/AWS D5.1 (Ar-
ticle 3.2.2) smoothness of 1,000 micro-in.
or less.
2. Slip-joint splice where L is greater than or B High-level lighting 1
equal to 1.5 diameters. poles.
Mechanically 3. Net section of fully-tightened, high-strength B Bolted joints. 2
Fastened (ASTM A325, A490) bolted connections.
Connections
4. Net section of other mechanically fastened - 3
connections: .
Steel: D
Aluminum: E
.|5. Anchor bolts or other fasteners in tension; D Anchor boits. 8
stress range based on the tensile stress Bolted mast-arm-to-
area. Misalignments of less than 1:40 with column connections.
firm contact existing between anchor bolt
nuts, washers, and base plate.
6. Connection of members or attachment of D - -
miscellaneous signs, traffic signals, etc.
with clamps or U-bolts.
Holes and Cutouts | 7. Net section of holes and cutouts. D Wire outlet holes. 5
Drainage holes.
Unreinforced hand-
holes.
Groove Welded 8. Tubes with continuous fuil- or partial- B’ Longitudinal seam 6
Connections penetration groove welds parallel to the di- welds.
rection of the applied stress.
9. Fuli-penetration groove-welded splices with D Column or mast arm 4
welds ground to provide a smooth transi- butt-splices.
tion between members (with or without
backing ring removed).
10. Full-penetration groove-welded splices with E Column or mast arm 4
weld reinforcement not removed (with or butt-splices.
without backing ring removed).
11. Full-penetration groove-welded tube-to- E Column-to-base-plate 5
transverse plate connections with the connections.
backing ring attached to the plate with a Mast-arm-to-flange-
full-penetration weld. plate connections.
12. Full-penetration groove-welded tube-to- E' Column-to-base-plate 5
transverse plate connections. connections.
Mast-arm-to-flange-
plate connections.
Fillet-Welded 13. Fillet-welded lap splices. E Column or mast arm 3
Connections lap splices.
14. Members with axial and bending loads with E Angle-to-gusset con- 2,6
fillet-welded end connections without nections with welds
notches perpendicular to the applied terminated short of
stress. Welds distributed around the axis of plate edge.
the member so as to balance welds Slotted tube-to-gusset
stresses. connections with
coped holes.
15. Members with axial and bending loads with E' Angle-to-gusset con- 2,6

fillet welded end connections with notches
perpendicular to the applied stress. Welds
distributed around the axis of the member
so0 as to balance weld stresses.

nections.

Slotted tube-to-gusset
connections without
coped holes.

11-14
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Section 11: Fatigue Design

Table 11-2. Fatigue Details of Cantilevered Support Structures (continued)

Construction Detail Stress Application Example
Category
Fillet-Welded 16. Fillet-welded tube-to-transverse plate E' Column-to-base-plate or 7,8
Connections connections. mast-arm-to-flange-
(continued) plate socket connec-
tions
17. Fillet-welded connections with one- E' Built-up box mast-arm- 8
sided welds normal to the direction of to-column connections.
the applied stress.
18. Fillet-welded mast-arm-to-column E' Mast-amm-to-column pass- 9
pass-through connections. through connections.
19. Fillet weided T-, Y-, and K-tube-to- See Chord-to-vertical or 8,10, 11
tube, angle-to-tube, or plate-to-tube notes chord-to-diagonal truss
connections. aandb connections (see note a).
Mast-arm directly welded
to column (see note b).
Built-up box connection
(see note b).
Attachments 20. Non-load bearing longitudinal attach- Weld terminations at 12,13
ments with partial- or full-penetration ends of longitudinal
groove welds, or fillet welds, in which stiffeners.
the main member is subjected to lon- Reinforcement at hand-
gitudinal loading: holes.
L <5tmm(2in): c
51mm(2in) < L <12tand 102 mm (4 in): D
- L > 12t or 102 mm(4 in} whent < 25 mm(1in): E
21. Non-load bearing longitudinal attach- Welds terminations at 14
ments with L > 102 mm (4 in) and full- ends of longitudinal
penetration groove welds. The main stiffeners.
member is subjected to longitudinal
loading and weld termination embodies
a transition radius or taper with the weld
termination ground smooth:
R=152mm(Bin)or a < 157 c
152 mm(6 in) > R > 51mm (2in)or 15°< a < 60"; D
R < 51mm (2in)or a > 60": E
22, Non-load bearing longitudinal attach- Weld terminations at 14
ments with L > 102 mm (4 in) and fillet ends of longitudinal
or partial-penetration groove welds. The stiffeners.
main member is subjected to longitudi-
nal loading and the weld termination
embodies a transition radius or taper
with the weld termination ground smooth:
R>51mm2in) or 15 < <60": D
R <51 mm (2in)or a>60": E
23. Transverse load-bearing fillet-welded [+ Longitudinal stiffeners 12,14

attachments where t < 13 mm (0.5 in)
and the main member is subjected to
minimal axial and/or flexural loads.
[When t > 13 mm (0.5 in), see note d].

welded to base plates.

11-15
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Standard Specifications for Structural Supports for Highway Signs, Luminaires and Traffic Signals

Table 11-2. Fatigue Details of Cantilevered Support Structures (continued)

Construction Detail Stress Application Example
Category
Attachments 24. Transverse foad-bearing longitudinal Gusset-plate-to-chord 15
(continued) attachments with partial- or full- attachments.

penetration groove welds or fillet welds,
in which the nontubular main member is
subjected to longitudinal loading and
the weld termination embodies a transi-
tion radius that is ground smooth:

R >58imm(2injor i5° < a < 60°: D
R <51 mm(2in)or a > 60°: E
See notec

Notes:
a) Stress category ET with respect to stress in branching member provided that r > 24 for the chord member. When
0.7 '
% > 24 , then the fatigue strength equals: (F )n = (AF ):T x ; , where (AF):T is the CAFL for category ET.

t
Stress category E with respect to stress in chord.

b

Stress category ET with respect to stress in branching member.

r
Stress category Kz with respect to stress in main member (column) provided that — < 24 for the main member.
tC
07

r . K, 24 K, .
When — > 24 , then the fatigue strength equals: (F)I1 = (AF)n X| 7 , where (AF)n is the CAFL for category K;
tt

c

The nominal stress range in the main member equals: (S ) main member = (Sq ) branching member (t_b]a
¢

Where tp is the wall thickness of the branching member, I, is the wall thickness of the main member (column), and

a is the ovalizing parameter for the main member equal to 0.67 for in-plane bending, and equal to 1.5 for out-of-

plane bending in the main member. (Sn ) branching member 1S the calculated nominal stress range in the branching

member induced by fatigue design loads. (See commentary of Article 11.5.)

The main member shall also be designed for stress category E using the section modulus of the main member and
moment just below the connection of the branching member.

c) First check with respect to the longitudinal stress range in the main member per the requirements for non-load
bearing longitudinal attachments. The attachment must then be separately checked with respect to the transverse
stress range in the attachment per the requirements for transverse load-bearing longitudinal attachments.

d) Whent >13mm (0.5 in), the fatigue strength shall be the lesser of category C or the following:

. | 0094+ 123 , | 00s5+0.72 H
(aF)=(aF) » — P |(mPa) (aF) = (aF), « —7 P (ksi)
P P

where (AF)C is the CAFL for category C, H is the effective weld throat (mm, in), and t, is the attachment plate

thickness (mm, in).

11-16
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