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CHAPTER 1: INTRODUCTION

1.1 PROBLEM STATEMENT AND MOTIVATION

Sign support structures including the cantilever, butterfly, and bridge support (also known
as overhead or span type supports) can be found along any major highway across the United
States. These are most commonly found on roads or pedestals built into the highway side or
median barriers or built into parapets or other parts of a bridge. These structures support
signages that help commuters navigate their way. Similarly, Variable Message Sign (VMS)
are used to control, inform, and warn the commuters through the display of a number of
messages that may be changed or switched on or off as necessary.

Overhead cantilever consists 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 sometimes referred to as an 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, Luminaries, 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 the 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. Each vertical
column truss is composed of two to four chord members braced by web members using the
same pipe-to-pipe 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). In
Pennsylvania two types of overhead sign support structures are mainly used, namely the
cantilever with single pole and overhead bridge truss with bridge pole.

N - E‘h ... :
Figure 1.1 — Examples of: (a) overhead cantilever with single pole; (b) overhead bridge truss with

truss poles.
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Figure 1.2 - Examples of (clockwise from top left): overhead truss with single pole supports,
cantilevered single pole, overhead truss with truss supports, cantilever with double pole, a structure
mounted sign, pole mounted VMS, monotube structure.
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Photos of these two structures taken in the Pittsburgh area are presented in Fig. 1.1.

Nationwide and through the years, the configuration of the full-span overhead sign
supports has evolved, and today many structures consist of a truss-type structure that contains
fully welded pipe-to-pipe connections (Ginal 2003). A gallery of different sign support
structures is provided in Fig. 1.2.

Sign structures are made of structural steel and aluminum. However, aluminum structures
are no longer being constructed, because steel structures have proven to be more cost
effective (Ginal 2003).

In general, highway sign supports must withstand in-service dynamic loads, which largely
constitute the fatigue environment. Sources of these loads include natural winds, seismic
events (in seismic areas), artificial gusts created by passing vehicles, and vibrations induced
in bridges by passing vehicles (sign supports mounted on a bridge).

During the past two decades, sign structures have shown problems associated with
reduced fatigue performance. Defective welds, aging material, and harsh environmental
conditions have exacerbated these problems.

Most of the underlying problems involve cracks induced into welds by fatigue loading.
Generally, cracks are found propagating within the leg of a fillet weld or at the toe.
Depending upon the amount of time the crack has to grow, these cracks can propagate into
the main supporting member (e.g., the chord of a truss) (Ginal 2003).

A report (Dexter and Ricker 2002) for the National Cooperative Highway Research
Program (NCHRP) included the following factors that increased the number of such
problems: a) the advent of backplates (used on signal fixtures to block the sun and enhance
the visibility of the signal) has increased the susceptibility to galloping (FHWA 2000); b) the
size and location of flat panel signs —larger signs are now placed asymmetrically with their
center of gravity above the center of gravity of the horizontal mast arm or support truss,
increasing the torsional motion of the mast arms; c) the use of large VMSs which implies the
presence of a large horizontal surface that increases the effect of truck-induced gusts (Dexter
et al. 2000). It was also identified that the structural connections of all these types of sign
supports are susceptible to fatigue loadings, wind induced vibration and crack propagations
on the surface or deep inside.

While the optimal design of such structures is paramount to prevent damage and
consequent collapse, the determination of proper inspection technology is important in
preventing collapses such as those shown in Fig. 1.3.

The AASHTO specifications (AASHTO 2001) affirm that “a regular maintenance
program should be established that includes periodic inspection, maintenance, and repair of
structural supports.” Despite this, no regulations for the inspection of highway sign
structures in the United States exist, and those states that do inspect do so without any
uniform process. Different states use different inspection methods over different time
periods to make sure that their sign structures continue to function properly.
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Figure 13 - (a) Collapse of a sign structure along 1-65 in  Tennessee.
http://updatewindowssecurity.com/?id=34452915477 (b) Cantilever Sign Structure Failure:
(Source: http://www.fhwa.dot.qov/BRIDGE/signinspection03.cfm.

1.2 SCOPE OF WORK

The main objective of the project, conducted under the aegis of the Pennsylvania
Department of Transportation (PennDOT), was the development of a sensing technology to
assess the structural soundness of sign supports, cantilever poles, and VMS supports. The
sensing technology aims to shift the maintenance paradigm from time-based (periodic
inspection) to real-time monitoring.

The work was articulated in two main directions. First an analytical model based on the
Finite Element Method (FEM) was developed to correlate stress-crack severity and/or
damage location to the integrity and residual lifetime of the sign support structures. Second, a
sensing technology coupled to signal processing and feature extraction was developed to
provide a means to detect damage. The project included the following research efforts:

a) Improve the finite element modeling of loaded structure in light of the latest
advancement in structural modeling and wind simulation.

b) Apply Nondestructive Evaluation (NDE) / Structural Health Monitoring (SHM)
strategies able to monitor the structure in real-time
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c) Distribute and examine a survey sent to U.S. and Canadian Departments of
Transportation about this report provides an overview of the NDE methods currently used to
assess the health of support structures for highways and roadways signs and VMSs.

d) Use signal-processing algorithms for damage identification and classification.

The aim of the research activities is twofold: 1) formulate a numerical model able to
predict fatigue life and correlate stress-crack severity and/or location to the structural
integrity and residual lifetime of sign structures; 2) develop a robust and low-cost sensing
technology to assess the structural soundness of sign structures.

1.3 REPORT OUTLINE
The outline of the report is as follows.

Chapter 2 presents in detail the different types of sign structures used in the U.S. and the
terminology used throughout the report. Descriptions of the materials used in the
construction of sign support structures are given. The list and the cause of the main issues
associated with service life are discussed.

Chapter 3 describes the survey sent to the U.S. and Canadian DOTSs. The analysis of the
received responses is presented. The results of previous surveys are briefly reviewed
wherever they were found relevant to this project.

Chapter 4 presents the analytical study conducted to model fatigue by means of a FEM
algorithm. The work presented in this chapter has been reported in the journal paper:

Kacin, J., Rizzo, P., and Tajari M. (2010). “Fatigue Analysis of Overhead Sign Support
Structures,” Engineering Structures, Engineering Structures, 32(6), pp. 1659-1670.

Interested readers are also referred to the following:

Kacin, J., Rizzo, P., and Annamdas, V.G.M. (2009). Sensing Technology for Damage Assessment
of Sign Supports and Cantilever Poles — Tasks 2-3, Year 1 Report, Pennsylvania Department of
Transportation, Contract No. 519691-PIT 008, University of Pittsburgh.

Chapter 5 reports on the background and the technical requirements to deploy the NDE
methods that have emerged from the survey. The methods of visual inspection, liquid
penetrant, magnetic particles, and ultrasonic testing are illustrated. This chapter overviews
the potential technologies that can be adapted, especially from the oil and gas industry. In
fact, many support structures are made of tubular components and therefore technologies
used in the pipeline industry may be adapted.

Attention is also given to the requirements needed to operate a transition from a time-
based to permanent-based monitoring approach. Few feasible techniques to develop the SHM
approach are illustrated. The estimated cost to run an inspection is also provided based on the
figures collected in the years 2008-20009.

Chapter 6 presents the hardware, software, and equipment used in the experimental
program conducted at the Laboratory for Nondestructive Evaluation and Structural Health
Monitoring studies and the Watkins-Haggart Structural Engineering Laboratory, both at the
University of Pittsburgh. The test protocol and signal processing utilized to process the
ultrasonic data are presented as well.
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Chapter 7 describes the results obtained from the application of ultrasonic data applied to
the three tests performed in the laboratory. The first test consisted of monitoring the onset
and growth of an artificial crack under dynamic loading. The second test consisted of
monitoring the onset and growth of a second artificial crack under dynamic loading. Finally,
during the third test the structure was monitored under different environmental conditions
(dry, rainy, snowy) and temperatures (cold, warm). Part of the work presented in this chapter
was reported in the journal paper:

Zhu, X., Rizzo, P., Marzani, A., and Bruck, J. (2010). “Ultrasonic Guided Waves for NDE/SHM
of Trusses,” Measurement Science and Technology, 21, 045701, doi: 10.1088/0957-
0233/21/4/045701.

Chapter 8 illustrates the results obtained from the application of the electromechanical
impedance method applied to some of the laboratory tests.

Chapter 9 presents the experimental results of tests conducted in the field. Two structures
were monitored.

Chapter 10 concludes the report with some final remark and recommendation for future
studies.
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CHAPTER 2: SIGN SUPPORT STRUCTURES

2.1 NOMENCLATURE

The classification of sign support structures is not unique. They may be classified based
on material types, support dimensions, etc. In general sign structures can be divided in to
single supported or twin supported ends. Single supported structures have one end fixed on
the ground, can have an electric light at the top or can carry a message board, whereas twin
supported ends have two supports fixed on the ground with several components over their
head and these components are inter-linked with each other.

As described in the introduction cantilevered signal, sign, and light support structures
have a single vertical column referred to as an upright, post, or pole (Fig. 2.1a). Structures
supported on both sides of the roadway are referred to as bridge supports, also called span-
type structures, sign bridges, or overhead structures. The horizontal span of the structure can
have the shape of a monotube or a tri-chord truss (Fig. 2.1b) or a four-chord truss (Fig. 2.2).
Across the United States there is great variety in the types of sign structures used.

Currently highway signs, luminaries, and traffic signal support structures are designed in
accordance to the AASHTO standard specifications (AASHTO 2001).

North A“‘l;-llta Rd.

Brockville
EXIT km

" .;I: -:-|.-'-"-:1'""- -_.— L -.-- = :- . H"‘-\-. M
Figure 2.1 — (a) Cantilever sign support structure with a damping plate (along top) to combat the
destructive forces of sympathetic wind vibrations. (b) Trichord overhead sign support
Source: http://www.burgesseng.com/sign.htm

For the sake of completeness the following definitions are provided (FHWA 2005):

e Cantilever sign structure: a structure that extends over traffic and has a support on only
one side of the roadway.

e Sign bridge: a structure supporting sign panels or other devices such as VMSs that span
over the road with supports on both the sides of the roadway. It may also be referred to as
a Span Structure.

e Mast arm structure: a structure that cantilevers over traffic with a single mast arm. This
is different than a cantilever sign structure that may have a truss or dual arm as the
cantilever support for signs or other attachments. A mast arm usually supports small signs
or traffic signals.
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o Signal supports: a structure, usually a mast arm type, which supports traffic signals. The
primary components are the foundation, base plate, anchor rods, pole to base plate
connection, pole, mast arm to pole connection, and mast arm.

e Light poles: a structure supporting lighting, such as a high mast lighting tower. The
primary components are the foundation, base plate, anchor rods, pole to base plate
connection, pole, and luminaire. High mast poles also have a luminaire raising device and
generally a slip joint (or more) in the post.
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Figure 2.2 — Four-chord overhead truss structure in Pittsburgh, PA. (a) Front view; (b) rear view; (c)
side view.

Nomenclature | Description

Anchor rod The rods that connect the sign structure base to the foundation

Base plate The plate used to connect the post base to the foundation.

Catwalk The walkway used by maintenance personnel, usually located in front of the sign.
Chords The main horizontal members of the truss.

Diagonals The diagonal members of the truss.

Foundation The portion of the sign structure that directs the load into the ground, usually

constructed of concrete pedestal on pile, spread or caisson foundations.
Post or Tower | The vertical supporting members of a sign structure.

Usually referred to as the connection between the truss chords, may also occur in long

Splice mast arms and high poles.

Truss Superstructure that is composed of truss members. These can be tubular or angular.

Table 2.1 - Components, nomenclature and their description as followed by NewYork state DOT
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Table 2.1 describes the nomenclature followed by NewYork state DOT (NYDOT 1999).

2.2 MATERIALS
2.2.1 Main Support frames

Most support structures are fabricated from structural steel tubes, angles, and plates or
from aluminum tubes, angles, and plates. Round steel tubes may be either cold formed tubing
conforming to ASTM A500 or steel pipe conforming to ASTM A53 for resistance welded
pipe, or one of the several other ASTM or APl (American Petroleum Institute) specifications.
Multi-sided tubes are manufactured by the successive bending of a plate and welding the
longitudinal seam. Common material specifications are shown in Table 2.2.

Aluminum alloys 6061-T6 and 6063-T5 are also used. In order to increase strength,
aluminum is alloyed with other elements and heat treated (T-series alloys). When these
tempers are used in welded construction, their allowable stresses are reduced as the heat from
welding reduces the beneficial heat treatment. Aluminum is both lightweight and corrosion
resistant. However, the fatigue strength of aluminum is only about 40 percent of that of steels
with comparable yield strength, and the modulus of elasticity is one third of that of steel,
which increases the member deflections.

Materials Specifications/grades Components
ASTM A36, A572 or A709
(or AASHTO equivalent)
ASTM F1554-97 e Anchor rods
ASTM A706-96 ¢ Reinforcing bars (Foundation)
Steel ASTM A572 W or A588 e Tubes (Weathering resistance)
ASTM A500 e Tubes
ASTM A53, Grade B; A595 A, e Mastarm
A135, API 52 o Pipes (resistance welded)
ASTM F593 o Fasteners (Stainless Steel Bolts, Hex Cap Screws, and
Studs)
ASTM F594 e Stainless Steel Nuts and washers
Aluminum tempers
and alloys
(5083 - H111/H321 ASTM B209, B210, B211, o Miscellaneous applications such as sign connections
5456 - B221, B241, B247, B308, o Fasteners
H111/H116/H321 B429
6061 - T6/T651
6063 - T5/T6)
(2024-T4, 6061-T6) ASTM B316 e Bolts

Table 2.2 — Materials’ specifications for sign support structure elements (adapted from FHWA 2003).

2.2.2 Bolted connections

The following are the guidelines from the FHWA (2005) about bolting systems.
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Sign, signal, and lighting structures utilize a variety of bolted fasteners in their
construction. These range from large anchor rods and high strength bolted structural
connections to “secondary” fasteners for signs, wind beams, saddles, and the like.
Fasteners also include U-bolts, bolted clips, and similar items. While procedures for
installing high strength bolts are established in AASHTO, and recommended procedures
for anchor rod nut installation are provided herein, installation practices for other types of
bolted fasteners vary. Ancillary structures are subject to vibration due to fluctuating wind
loads, and unless properly tensioned, this can cause fasteners to become lose and
contribute to their failure.

2.2.2.1 High-Strength Bolts

The design, specification, handling, installation, and inspection of bolted joints in steel
support structures should be in accordance with the Specification for Structural Joints
Using ASTM A325 or A490 Bolts dated June, 2000 by the Research Council on Structural
Connections (RCSC). [...]. The Federal Highway Administration Report No. FHWA-SA-
91-031, “High-Strength Bolts for Bridges” provides an in depth treatment of bolt supply,
installation, and testing (this manual is available for download at fhwa.dot.gov/bridge).
The U-bolts and other details for connecting luminaries, signs, and signal heads to the
structure are not discussed. The manufacturers design these details, and there have been
few problems with them in the past. Structural joints for galvanized steel sign, signal, and
light support structures should only utilize galvanized ASTM A325 high strength bolts or
galvanized ASTM F1852 twist-off-type, tension control bolt assemblies. The joints should
be between steel members, and it is essential that the joints be properly pretensioned to
resist vibration. These bolts have a very high strength so that they can supply high forces
to compress the joint when they are tightened to their prescribed pretension. When a
bolted joint is not properly pretensioned, all the load range is transferred through the bolts
and they may quickly fail by fatigue. The bolt length used in a connection should be such
that the end of the bolt is flush with or projecting beyond the face of the nut when properly
installed.

2.2.2.2 Fasteners

Connections for stainless steel structures, which are rare, and aluminum structures,
utilize stainless steel bolts and related fasteners. Stainless steel offers excellent corrosion
resistance. Stainless fasteners are most often supplied from the American Iron and Steel
Institute (AISI) Type 304 or 316 stainless material. Type 304 is the most common. Nuts
and washers should match the steel type of the bolt or fastener. Stainless fasteners should
conform to the requirements of ASTM F593, “Standard Specification for Stainless Steel
Bolts, Hex Cap Screws, and Studs” and ASTM F594 “Standard Specification for Stainless
Steel Nuts.” Stainless steel bolts are supplied either hot finished or cold finished. Cold
finished Type 304 and 316 bolts have an ultimate tensile strength of 620 MPa (90 ksi),
versus 516 MPa (75 ksi) for hot finished. However, cold finished bolts are only supplied if
specified and are not normally “off-the-shelf” items. Since installation tension for stainless
fasteners is not as high, or as well controlled as it is for high strength steel bolts, the use of
lock washers is common with stainless fasteners. Lock washers are placed under the nut
and help to reduce loosening due to structure vibration and load fluctuation.

Aluminum fasteners are sometimes used for miscellaneous applications, such as sign
connections. Aluminum bolts are not generally used in structural connections, even on
aluminum sign structures, due to a tendency to stretch and hence loosen under cyclic
tension loadings.

10
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Aluminum bolts should conform to ASTM B316 “Structural Specification for
Aluminum-Alloy Rivet and Cold Heading Wire and Rods.” Bolts are available in several
alloy-tempers, with 2024-T4 and 6061-T6 being the most common. Off-the-shelf bolts are
typically alloy-temper 2024-T4, which has an allowable shear stress of 96 MPa (14 ksi)
and an allowable tension stress of 158 MPa (23 ksi) as given in the “Aluminum Design
Manual” published by the Aluminum Association.

2.3 DAMAGE AND FACTORS INDUCING DAMAGE

‘Damage’ is by definition the change of the material or geometrical properties of a
structural or mechanical system. To be critical, damage should affect the current or future
performance of that system. Under appropriate loading, damage may grow and coalesce to
the point where it produces component-level failure.

To detect damage non-invasively, one or more Nondestructive Testing (NDT) techniques
are employed. NDT is generally defined as the examination of an object with technology that
does not affect the object’s future usefulness. All of these methods help to determine the
presence, location, and extension of damage. Usually, the examination is conducted on a
time-based schedule and a remedial action is taken only after the examination has been
conducted.

The major factors affecting the soundness of sign support structures are defect originated
during the manufacturing process, corrosion, loadings, wind, and fatigue. Both sign support
and VMS structures installed on cantilever-type designs are susceptible to galloping, natural
wind gusts, and truck-induced wind gusts, whereas VMSs mounted on bridge supports are
not expected to be susceptible to galloping due to the torsional rigidity of the sign bridge.
However, bridge supports are still expected to be susceptible to natural wind gusts and truck
induced wind gusts. Thus, there will be many factors influencing sign supports depending on
type of material, type of installation, location of installation, terrain, climate etc.

Some of the crucial issues connected with sign supports along with protection steps are
corrosion, load, fatigue, wind, and fabrication.

2.3.1 Corrosion

Corrosion is the deterioration of a material (usually a metal) as a result of interaction with
its surroundings. Aside from the foundation, the majority of a highway sign structure is
made of steel or aluminium, which are susceptible to corrosion.

Corrosion is facilitated by the presence of cracks that allow water ingress in the hollow
structural tubes that make up the truss and posts. This built up pond water can lead to internal
corrosion, which can lead to more intense problems such as section loss. Members are not
only susceptible to internal corrosion, but also external corrosion.

2.3.2 Load

According to Section 3 of the AASHTO standards (AASHTO 2001) structural supports are
subjected to the following four loads:

11
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1) dead load consisting of the weight of the structural support, sign, luminaries, traffic
signals, lowering devices, and any other appurtenances permanently attached to and
supported by the structure.

2) live load consisting of a single load of 2200 N (495 Ibs) distributed over 0.6 m (23 3/5
in) transversely to the member will be used for designing members for walkways and
service platforms.

3) ice load applied around the surfaces of the supports, but only on one face of sign panels.

4) wind load consisting of the pressure of the wind acting horizontally on the supports,
signs, and other attachments.

2.3.3 Fatigue

Fatigue has been shown to be a problem in highway sign structures. The low levels of
stiffness and damping of the structures can lead to large amplitude vibrations. In extreme
cases, these vibrations lead to problems that may cause the catastrophic collapse of sign
structures. To avoid large amplitude vibrations, which may lead to the development of
fatigue cracks, there are four types of wind loading that should be accounted for: natural
wind, truck induced gusts, galloping, and vortex shedding. All four of these wind loads have
design specifications given in Section 11 of the AASHTO Manual (AASHTO 2001).

As trucks pass under a sign structure, they produce an upward force on attachments
mounted to said structures. A suction pressure is then applied downward after the truck
passes, effectively doubling the load. Vibration problems due to truck induced gusts are
particularly critical in VMS structures due to their large area parallel to the road as compared
to that of a standard flat sign structure. The fact that many large trucks are outfitted with
deflectors to divert wind flow upward increases the problem.

Over a period of several years, fatigue cracking from truck induced gusts can develop.
These cracks usually appear at the connection of the mast arm to the pole, at truss
connections, and at the base of the pole to the weld joining the pole to the base plate, at the
top of the stiffeners, at hand holes, or at the anchor rods (FHWA 2005).

The direction of natural wind load on a sign structure is largely unpredictable and
constantly changing. All sign supports are subject to this type of wind loading and are thus
susceptible to fatigue cracking over a period of several years. Cracks can be caused in
locations similar to those given by truck-induced gusts. The severity of these problems will
depend upon the location and the inherent flexibility of the sign structure.

When the structure starts to vibrate in the air, the air flow begins to oscillate relative to
the motion of the structure. An aerodynamic force is then produced on the structure due to
this oscillation. The vibration induced by this air flow is referred to as galloping.
“Galloping results in large amplitude, resonant oscillations in a plane normal to the direction
of wind flow. It is usually limited to structures with nonsymmetrical cross sections, such as
sign structures with attachments to the horizontal cantilevered arm” (AASHTO 2001).
According to Dexter and Ricker (2002), a large portion of the vibration and fatigue problems
that have been investigated for cantilevered signals and sign support structures were caused
by galloping.

12



Sensing technology for Sign Supports _Final Report

Characteristics of the galloping phenomena include the sudden onset of large amplitude,
across wind vibrations that increase with increases in wind velocity. Galloping is generally
caused by the attachments to a cantilevered structure.

“Vortex shedding-induced vibrations of a structure occur when wind vortices are shed
alternately from opposite sides of the “bluff’ body present to the wind flow” (Ginal 2003).
Unlike galloping, vortex shedding is dependent on the cross section of the structure. Any
cross section used in sign structure construction could be subjected to vortex shedding.
Vortex shedding has to do with the turbulent nature of the wind flow around the sign
structure. As the air flow’s Reynolds number reaches a certain range, vortices are shed off
the structure’s members as shown in Fig. 2.3.

Movement

Wind
i

Movement
Figure 2.3 — Vortex Shedding (http://www.mecaenterprises.com/images/vortex4.qif )

As these vortices form on one side, the wind speed increases on the other leading to a
reduced pressure. A lateral force is then formed on the side of the member opposite the
vortices. If the wind is turbulent and changing directions and the vortices are shedding on
alternating sides of the structure, a changing lateral load develops. Because this load is
varying in the direction at which it hits the structure, large vibrations can occur if the
frequency of vortex shedding is equal to the natural frequency of the structure. According to
chapter 11 of AASHTO (2001), sign structures are not susceptible to vortex shedding.

Numerous defects found during condition assessment inspections have been
attributable to poor fabrication or erection practices. As such the FHWA has recommended
that the owners or their representatives should perform inspection during the erection
(FHWA 2005).

Inspection of ancillary structures is encouraged, particularly for welded cantilever
signs and overhead bridge structures. The 2001 Specification requires weld inspection,
which should be performed and documented by the fabricator. Weld quality for steel
structures should conform to the D1.1 and D1.2 codes from the American Welding
Society (AWS). Due to the types of joint configurations and welds found in ancillary
structures, weld inspection requirements contained in current fabrication specifications
are not sufficient to ensure defect free welds during shop fabrication. This is one reason
that close field inspection of ancillary structures to find detectable cracks is particularly
important.

13
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CHAPTER 3: STATE OF PRACTICE

A survey was sent to U.S. DOTSs, Canadian MOTs, and to each PennDOT district.
The main objectives were to determine the most common causes of structural
deficiencies, to establish the state of practice for the inspection of sign supports
structures, and to estimate the cost to inspect, repair, or replace such structures. The
questionnaire prepared at the University of Pittsburgh, was approved by PennDOT and
the University of Pittsburgh Institutional Review Board. The respondents were asked to
consider all types of structures and not to consider fabrication, shipping or erection-
induced damage.

Twenty-two responses were received. Fourteen state DOTs responded including
Arkansas (AR), Connecticut (CT), Hllinois (IL), lowa (I1A), Kansas (KS), Maryland (MD),
Michigan (MI), Missouri (MO), New Jersey (NJ), New York (NY), Tennessee (TN),
Utah (UT), Washington (WA), Wisconsin (WI), and Wyoming (WY). Along with these
states, the Canadian Province of Alberta (AB) participated. Finally, we received
responses from PennDOT Districts 4, 5, 8, 9, 10, 11, and 12 (PA4, PA5, PAS8, PA9,
PA10, PA11, and PA12).

The Utah DOT has responded that currently they do not “have an inspection program
for sign supports and cantilevers structures”.

The next section shows the blank questionnaire which was sent to all DOTSs. Section
3.2 describes the analysis of the filled survey. Section 3.3 compares the results from this
survey with two surveys published in 1999 and 2002, sponsored by the National
Cooperative Highway Research Program (NCHRP) and the Michigan DOT, respectively.
Section 3.4 provides some considerations and conclusions stemming from the analyses in
section 3.2.

14
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3.1 QUESTIONNAIRE

State-of-Practice Survey
Inspection Methods for Sign Supports and Cantilever Poles Structures

Survey completed by:

Name: Title:
Jurisdiction: email:
Address: Telephone:

PLEASE RETURN COMPLETED SURVEY BY MAY 31 TO:

Piervincenzo Rizzo

University of Pittsburgh

Department of Civil and Environmental Engineering
941 Benedum Hall

Pittsburgh, PA 15261

Phone: (412) 624-9575

Fax: (412) 624-0135

pir3@pitt.edu

Introduction

In responding to this survey, please consider only sign structures and cantilever poles once they have been
placed in service in your jurisdiction. Do not consider fabrication, shipping or non-structural erection-
induced damage.

The purpose of this research study is to assess the current state of practice associated with the
inspection of sign support structures and cantilever poles. This survey is being distributed to all
PennDOT district offices, US states DOTs, Canadian MOTs and other jurisdictions having
responsibility for such structures. If you are willing to participate, you will be asked to provide your
professional contact information and direct responses to the survey questioned asked. There are no
foreseeable risks associated with this project, nor are there any direct benefits to you. Your
participation is voluntary. All surveys will be kept in confidence and responses will be stripped of
remarks identifying an individual, organization or jurisdiction. This study is being conducted by Dr.
Piervincenzo Rizzo, who can be reached at 412.624.9575 or at pir3@pitt.edu, if you have any
guestions.
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1. Overhead sign support structure types (see figure below) used in your jurisdiction (check all that
apply):

. Monotube

CONO Ol WN B

. Cantilever truss with single pole

. Overhead bridge truss with single pole
. Overhead cantilever with single pole

. Overhead bridge truss with truss pole

. Planar taper tube

. Other 1 (please describe)

. Other 2 (please describe)

2. Provide the number of sign support structure type (see figure below) existing in your jurisdiction.

1.Cantilever truss with single pole

2. Overhead bridge truss with single pole
3. Overhead cantilever with single pole
4. Overhead bridge truss with truss pole

5.

6. Overhead Monotube
7. Other 1 (please describe)
8. Other 2 (please describe)

Planar taper tube

1.

Cantilever Truss w/
single pole

500 — Exact
<500 > 2000 | number (if
2000
known)

4. Overhead Bridge Truss

L

w/ truss pole

2. Overhead Bridge Truss

w/ single pole

5. Planar Taper Tube

3. Cantilever w/ single

pole

6. Overhead Monotube

Figure 3.1 — Sketch of different structure types (front view):
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3. How often are the overhead sign support structures inspected (check all that apply):

Once a year

Once every two years
Only after some environmental-related hazard (excessive wind, earthquake, hurricane/tornado, etc.)
Only after some human-related hazard (vehicle impact)

Other 1 (please describe)

Other 2 (please describe)

4. 1S either nondestructive evaluation (NDE) or destructive evaluation method adopted to assess the
presence or the extent of damage in overhead structures (check all that apply):

NDE: Visual inspection
NDE: liquid penetrant

NDE: magnetic particle
NDE: ultrasonic testing
NDE: other (please describe)
Destructive evaluation methods (please describe)
Neither NDE nor destructive (please describe)

5. If NDE or destructive methods are adopted please briefly describe for each method how many
persons are usually involved, and on average how many work hours per person the inspection
require.

6. Identify main problems observed in the overhead sign support structures in your jurisdiction
(check all that apply):

Fatigue cracks in the column to base connections
Cracks in the tube-to-tube welded connections
Loose or missing bolts at the base

Welded connection between the mast and the pole
Other 1 (please describe)

Other 2 (please describe)

Other 3 (please describe)

7. Estimate the number of overhead sign structures damaged in your jurisdiction over the last five
years with the following degrees of damage:
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Minor damage

Visible through visual inspection; not affecting structure’s residual life; no action taken
Moderate damage

Hidden or visible damage; may affect structure’s residual life; some repair conducted
but no replacement required

Significant damage

Loss of portion of cross section which induced structural deficiency; affect structure’s
residual life; require the replacement of one or more elements

Severe damage

Damage severe enough to result in full structure decommissioning

Catastrophic damage

Unexpected catastrophic failure

8. If your jurisdiction does not track the level of damage identified in question 7, please list the
levels of damage (0 low damage — 5 catastrophic failure) and the damage criteria identified:

9. What is the percentage of the types of damage sources to overhead structures members that
require repair action to be taken (indicate all that apply):

100%

Vehicle impact

Corrosion occurring at unrepaired site of vehicle impact

Corrosion resulting from source other than vehicle impact

Natural hazard (wind action, earthquake, hurricane/tornado, etc.)
Construction/design error (misplaced welding, low strength bolts, etc.)
Nonspecific deterioration due to aging

Missing bolts

Other 1 (please describe):
Other 2 (please describe):
Total

10. Sort (in decreasing order) the five most expensive (in term of estimated cost for
repair/replacement) types of defects encountered in overhead sign supports during the last five

years:
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Damage type Estimated cost ($)

11. Provide (if known) the estimate cost over the last five years of the following actions:

Estimated cost ($)

Scheduled inspection of overhead sign structures

Unscheduled inspection of overhead sign structures

Repair to overhead sign structures

Replace of overhead sign structures

12. Briefly describe what analytical procedures (finite element method software, structural design
software, etc...) are used to assess the damage and the need for repair overhead structures (include
names of software if appropriate)
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13. Briefly describe the most common repair methods

14. Rate the following factors by importance in the determination of the inspection method or
repair.
not

low moderate high considered

Cost of repair

Time required to make repair

Aesthetics of repair

Interruption of service

Load capacity

Expected service life of repair

Maintenance required

Other, please specify:
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3.2 SURVEY ANALYSIS

The results presented here are broken up by question. The responses of the PennDOT
districts and the responses of other state DOTs are compared to one another to see the
common practices that States follow and the things that States do differently from one
another.

3.2.1 Question 1 (Overhead sign support structure types used in your jurisdiction)

The question aimed at determining which type of structure is present in each jurisdiction.
This question was accompanied by the schematic drawing of six types of structures (Fig.
3.1). The drawing was used to avoid any ambiguity associated with the use of the term
overhead (see chapter 1.1). Table 3.1 details the response from the PennDOT districts.

Structure Type PA4 PA5 PA8 PA9 PA10 PA1ll PA12

Cantilever truss X

Overhead bridge truss with single pole X X X X
Overhead cantilever with single pole X

Overhead truss with truss pole X X X X X X X
Planar taper tube

Monotube X
Other X X X

Table 3. 1 Types of sign structures in use - PennDOT response to Question 1.

Base Line Rd V2

Mountain Ave 2%
Campus Rd 4/

Figure 3.2— (a) Pole mounted VMS (http://www.paturnpike.com/newsletters/summer99/vmstest.jpg);
(b) structure mounted sign ((http://www.universalindustrialsales.com/images/pic-001.jpg )

District 4 reported the use of overhead cantilever with double pole and district 5 uses
a pole mounted VMS (Fig. 3.2a) and a structure mounted sign (Fig. 3.2b).

The response from other States is summarized in the histogram of Fig. 3.3. Over 90%
of the responders reported the use of cantilever truss structures in their jurisdiction. On the
other end, less than 10% of the responders reported the use of planar taper tube structure.
While PennDOT fits the trend of using overhead cantilevers and overhead trusses, it should
be noted that the majority of other responders use the cantilever trusses while none of the
PennDOT districts do so.
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Structure type
Figure 3.3 — Sign Structures in use among responding DOTs

Over 70% of the responders reported the use of “other” types of structures not illustrated

in Fig. 3.1. The complete listing of these other structures is given below, in alphabetical
order:

Box truss with cantilever (MO)

Bridge mounted frame (CN, TN)

Bridge truss with truss pole parallel to traffic (WA)

Butterfly cantilever with single pole (CN, IL, NY. See Fig. 3.4)
Butterfly truss (KS, NY, TN, MO)

Cantilever monotube (WA)

Cantilever truss with truss pole (AR)

Cantilever with double poles (PA 9)

Double tube butterfly (MO)

Overhead spans in highway cuts supported on retaining walls with no poles (NY)
Propped cantilever with truss pole (AR)

Single tube with hinge at top of pole (I1A)

Single tube tapered span (KS, MO)

Timber poles with steel cables (W1)

T-mount truss on truss pole (AR)
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Montauk ’

Figure 3.4 — Butterfly cantilever
structure (NYDOT, 2-11)

The Missouri DOT provided the drawings (Fig. 3.5) of typical truss configuration codes
used in its jurisdiction.
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Figure 3.5 - Missouri typical truss configuration codes.
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3.2.2 Question 2 (Provide the number of sign support structure type (see figure below)
existing in your jurisdiction)

The aim of this question was to take a census of the structures currently deployed
along highways and roadways. The responses from PennDOT districts and other States are
summarized in Tables 3.2a and Table 3.2b, respectively.

PA 4 PAS5 PA 8 PA9 PA10 PA1l PA12

Cantilever truss 1

Overhead bridge truss w/ single pole 13 <500 <500 5
Overhead cantilever w/ single pole <500 125 <500 9 <500 <500 40
Overhead truss with truss pole <500 180 <500 62 <500 <500 76
Planar taper tube

Monotube 3
Other* <500 <500 29

Table 3.2a — Inventory of sign support structures in Pennsylvania DOT Districts.

Structure type
State
1 2 3 4 5 6 7
AB <500 <500 <500 <500 0 <500 0
AR 0 0 0 187 0 0 88
CT 145 0 451 332 0 288 476
IL 500-2000 <500 <500 500-2000 0 <500 <500
1A 89 0 0 350 0 0 5
KS 427 0 30 535 0 0 160
Ml 500-2000 500-2000 500-2000 <500 <500 <500 0
MO N/A N/A N/A N/A N/A N/A N/A
NJ 530 20 9 1100 0 2 22
NY 1568 423 833 1955 0 0 28
TN 674 30 20 603 0 0 372
WA 387 13 56 0 0 188 630
Wi <500 <500 <500 <500 <500 <500 2
WY <500 <500 <500 <500 0 <500 0

Table 3.2b — Inventory of sign support structures in state DOTs. The type in column 1 identifies the
following: 1 Cantilever truss with single pole; 2 Overhead bridge truss with single pole; 3 Overhead
cantilever with single pole; 4 Overhead truss with truss pole; 5 Planar taper tube; 6 Overhead
monotube; 7 other structures listed on page 10. N/A Not answered.

There seems to be a mixture of DOTSs that do and do not keep track of the number of
sign structures in their jurisdiction. Among the states that have responded, the cantilever truss
and the overhead truss with truss pole have the largest numbers of structures in use
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throughout the country. This coincides with the results of Question 1. Michigan DOT does
“not track each specific category of overhead signs in our inventory to my knowledge. See
website for our standard plans and special details at
http://mdotwas1.mdot.state.mi.us/public/tands/plans.cfm”

3.2.3 Question 3 (How often are the overhead sign support structures inspected)

Because no federal regulation mandates the inspection of sign support structures at a
specified frequency, Question 3 aimed to determine a common trend among state DOTS.
Tables 3.3a and 3.3b summarize the responses obtained from PennDOT districts and the
other states. All but two state DOTs checked the other box. Examples of inspection policy
include: 1) inspection frequency based the type of sign being inspected (WA), 2) routine
inspections on one cycle and more in depth inspections on another cycle (NY and PA12); 3)
structures age and material (IL, MO, PA4, and PAS).

Every Every . Post Post
environmental human Other
year two years hazard hazard
PA 4 X
PAS X X
PA 8 X
PA9 X
PA 10 X
PA 11 X X
PA 12 X
Every Every . Post Post
environmental human Other
year two years hazard hazard
AB X
AR X X X X
CT X
IL X
1A X
MD X
Mi X X X
MO
NJ
NY X X
TN X
WA X
Wi
WY X

Table 3.3 — Sign Inspection frequency among (a) PA districts and (b) U.S. DOTs
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These last two reasons are why we assume that New York checked both once/year
and once every two years.

Five out of the seven PA districts said that they use a three year cycle. PA district 9
inspects structures in accordance with SOL 431-04-03. After a cantilever with single pole
carrying traffic signs failed, a number of such structures were re-inspected. The last regular
inspection cycle occurred in 2005. Seven DOTSs inspect some structures on a four year cycle,
five DOTSs follow a five year cycle. The state of Washington inspects cantilevers with only
four anchor bolts every four years, monotube cantilevers every eight years, and monotube
bridges every ten years, and the remaining structures every five years. In the state of Illinois
“if no deficiencies are found the structure is placed in a five year detailed inspection cycle. If
minor cracks are found in welds and internal members, the structure is placed on a three
year detailed inspection cycle with a ground inspection cycle in eighteen months. If there are
numerous cracked welds and broken members the structure is placed in annual inspection
cycle until replaced or repaired”. Missouri noted that they are in a three year contract to
inspect all of their sign structures and will use the results of these inspections to plan future
inspection intervals. Finally, the province of Alberta reported an inspection cycle of 21
months.

3.2.4 Question 4 (Is either nondestructive evaluation (NDE) or destructive evaluation
method adopted to assess the presence or the extent of damage in overhead structures)

Question 4 was formulated to identify the nondestructive methodologies currently in
practice. Four different approaches, namely visual inspection, liquid penetrant, magnetic
particle, and ultrasonic testing, were considered separately. Respondents were also asked to
include any destructive method eventually used to assess the condition of the structures.

Table 3.4 summarized the survey responses. All DOTs use visual inspection. The
advantages and disadvantages of this will be pointed out in chapter 4. Arkansas, Missouri,
and Tennessee do not use any inspection method other than visual inspection. In most cases
liquid penetrant and magnetic particle testing are used as an extension of visual inspection.
NJ-DOT reported that liquid penetrant is used if crack is suspected, while NY and WA DOTSs
use if crack is visually located, i.e. if potential cracks have been located visually. Wisconsin
DOT uses all three methods if a crack is suspected.

Liquid and magnetic particles are used: 1) “to determine the limits of cracked welds or
internal members that can not be visually determined when recommended by the Bureau of
Bridges & Structures after a review of the structure’s inspection report” (IL_DOT), 2) if
crack is suspected (CT_DOT and IA_DOTs), and 3) if a defect is found (WY_DOT). PA 9
reported that liquid penetrant are used if visual signs of cracks in paint or protective coating
or cracks in welds and/or steel are visible. In the aftermath of the failure of a cantilever with
single pole carrying traffic signs, magnetic particles were used to inspect all of the pole/base
plate welds of all of the similar signs.

Ultrasonic testing is most often used to test the anchor bolts at the base of the structure.
Connecticut DOT has reported that UT is used to inspect all anchor bolts in tension on
cantilever sign supports. Kansas, lowa, New Jersey, and New York DOTs use UT to
determine length and to detect the presence of defects in anchor bolts. It is estimated that the
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inspection time is five minutes per bolt. The state of New York has reported that UT testing
is used to routinely determine the thickness at the base of poles. This inspection can be
conducted using an ultrasonic thickness gauge and it can be extended to determine internal
corrosion as well.

Visual Liquid Magnetic  Ultrasonic
inspection penetrant  particle testing Other
PA 4 X X X
PA 5 X X X
PA 8 X X
PA9 X X X
PA 10 X X
PA 11 X X
PA 12 X

Table 3.4a — Various inspection methods followed in PA districts.

Visual Liquid Magnetic  Ultrasonic

inspection  penetrant  particle testing Other

AB X X X X

AR X

CT X X X X

IL X X

1A X X

KS X X

MD X X

Mi X X X
MO X

NJ X X

NY X X X X
TN X
WA X X X

Wi X X X X
WY X X X

+ these are used to determine the limits of cracked welds or internal members that cannot be visually
determined when recommended by the Bureau of Bridges & Structures after a review of the structure’s
inspection report

Table 3.4b — Various DOT inspection methods

NY-DOT uses methods like hammer-based impact sounding as part of the regular inspection
of loose foundation bolts and ultrasonic thickness gauging to routinely determine the
thickness of the base of the pole. Once NY_DOT hired a company to do digital radiograph
imaging on one particular structure.
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No DOTs selected “destructive evaluation methods” or “Neither NDE nor destructive
evaluation” so those two options are not included in Table 3.4.

3.2.5 Question 5 (If NDE or destructive methods are adopted please briefly describe for
each method how many persons are usually involved, and on average how many work
hours per person the inspection require)

To estimate the cost of labor for each inspection, Question 5 was devoted to gathering
information on the number of people usually involved in the inspection. The results of the
survey indicate that most DOTSs (67%) use two people for all types of inspection, however all
the numbers given vary between needing one and five people to do the job. For instance the
Connecticut DOT has indicated that for visual inspection (conducted on every sign support)
and liquid penetrant and magnetic particle (conducted only if crack is suspected) two
inspectors are involved. For ultrasonic testing, used on all anchor bolts in tension on
cantilever sign supports, one inspector and one technician are involved. The DOT that
specified five people (PA District 4) included the people needed to aid in traffic control.

The time length of time required for different types of inspections was less uniform
across the board then was the number of people required. This is shown in Table 3.5.

Number of
responders

2 hours 4
1 hour
Visual 2 -5 hours
Inspection 4 - 8 hours
1 -3 hours
2.5 hours
1 -2 hours
0.5 hours
2.5 hours
4 -8 hours
<1 hour
1 -2 hours
Magnetic 0.5 hours
Particle 3 hours
<1 hour
1 -2 hours
0.5 hours
1 hours
4 -8 hours
<1 hour
5 min/bolt
20 min

Method Inspection Time

Liquid
Penetrant

Ultrasonic
Testing

I R R DN R R R R

Table 3.5 — Time required to perform inspections.
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The amount of time actually required undoubtedly depends on the experience of the
inspector.

3.2.6 Question 6 (ldentify main problems observed in the overhead sign support
structures in your jurisdiction)

To sort the main problems associated with sign supported structures, Question 6 was
formulated. Four main options were given, namely fatigue cracks in the column to base
connections, cracks in the tube-to-tube welded connections, loose or missing bolts at the
base, and welded connection between the mast and the pole.

Tube to tube Loose or
Column to Weldeq missing WeIdgd Other
base cracks connection bolts at the connection
cracks base
PA 4 X X
PAS X X X X
PA 8 X
PA9 X
PA 10 X X
PA 11 X
PA 12 X
Tube to tube Loose or
Column to weldeq missing WeIde_d Other
base cracks connection bolts at the connection
cracks base
AB X X
AR
CT X X
1A X
IL X X
KS X X
MD X X
MI X X X
MO X X
NJ X X
NY X X X X X
TN X X
WA X X
WI X X X X X
WY X X

Table 3.6 — Problems observed during sign structure inspections in (a) PennDOT district and (b)

State DOTSs.
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The responses in Table 3.6 indicate that the tube to tube welded connection cracks
and loose or missing bolts at the base are the problems most often observed. This is true for
the majority of PennDOT districts that responded too.

Many states reported “other” problems. The list of these problems is provided below
sorted by the alphabetical order:

Bolted connection between mast and pole (WI)

Concrete foundations that have delaminated exposing rebar and anchor bolts (IL)
Corrosion of anchor bolts within grout pad (WA)

Corrosion on bolts at base (TN)

Cracked welds in overhead truss (AB)

Cracking of aluminum lock nuts which attach sign panel (PA 12)
Cracking/falling luminaries (NY)

Cracks in cast base plate connectors (NY)

Cracks in truss diagonal chord welds (NY)

Crooked assembly of fittings at junctures (NY)

Damaged aluminum truss members from ice bursts or torsion failures (WA)
Debris in the post base (NY)

Deteriorated luminary housing attachment bolts (PA 12)

Eccentric base loading (NY)

Fatigue cracks at the arm to column weld (CT)

Fatigue on bolts at the base (TN)

Gaps between support beam and saddle plate (NY)

Impact damage (NY, PA 10, PA 11)

Internal corrosion of galvanized structures (WA)

Loose sign connectors (1A)

Loose or missing bolts at various locations (NJ)

Missing fasteners and clips (PA 5, PA9)

Missing post caps and covers (NY)

Missing utility locks (PA 5)

Painted tubular steel end supports deteriorating from the inside out (IL)
Section loss at post interiors near base plate due to standing water in vertical poles (NY)

The fact that so many potential problems can occur on such structures gives rise to the
need for more comprehensive inspection procedures.

3.2.7 Question 7 (Estimate the number of overhead sign structures damaged in your
jurisdiction over the last five years with the following degrees of damage)

To assess the condition of the existing structures the number and the severity of the
damaged structures was asked. Five levels of damage were proposed ranging from minor
damage that did not affect the structure residual life and no intervention was required, to
catastrophic failure. The assessment was limited to the last five years.
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Table 3.7a and 3.7b summarizes the responses from the PennDOT districts and from other
State DOTSs, respectively. Compared to other states, the structures in the Pennsylvania
districts that responded seem to be functioning rather well. New York appears to have by far
the highest number of damaged structures. The discrepancy in the number of damaged
structures is perhaps the combination of one of more of the following: 1) total number of
structures existing in the jurisdiction; i.e. larger the inventory, larger the number of damaged
structures; 2) effectiveness of the inspection program adopted; 3) structure types; 4)
interpretation of the survey’s question; 5) track record of the inventory. Figure 3.6 shows the
histogram relative to the total number of damaged structures as a function of the level of
damage.

Minor Moderate Significant Severe Catastrophic
PA 4 7 0 1 0 0
PAS 20 10 2 0 0
PAS8 4 1 0 1 0
PA9 0 0 0 1
PA 10 2 0 0 0
PA 11 2 0 0 1 1
PA 12 54 3 0 0 0
Minor Moderate  Significant Severe Catastrophic
AB 25 5 0 1 0
AR 45 25 15 2 7
CT 75 50 30 50 3
IL 350 150 100 10 0
1A N/A
KS 2 2 10 2 0
MD 15 10 2 0 0
M N/S N/S N/S N/S N/S
MO N/S N/S
NJ N/A
NY 997 804 177 115 11
TN 0 0 0 1 2
WA 50 50 50 5 2
Wi N/S 50 5 2 0
wYy <50 <50 0 0 0

Table 3.7 — Number of sign structures found with flawed components in (a) Pennsylvania (b)
participating states. Note: N/S: category selected but number not specified. N/A: not answered.
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Figure 3.6 — Number of Signs reported with each level of damage

3.2.8 Question 8 (If your jurisdiction does not track the level of damage identified in
question 7, please list the levels of damage (0 low damage — 5 catastrophic failure) and
the damage criteria identified)

Similar to Question 7, Question 8 was aimed at providing a qualitative estimation of
the existing sign support inventory. The question asked the responder to rank the state of the
signs in the jurisdiction on a scale of 1 to 5 (1 being low damage to 5 being catastrophic).
Only the state of New Jersey answered this question. However they stated that they “do not
track as described above”. They “refer to the Guidelines for the Installation, Inspection,
Maintenance and Repair of Structural Supports for Highway Signs, Luminaries, and Traffic
Signals, pages 63-65 (Publication No. FHWA NHI 05-036). New Jersey’s guidelines were
the basis of this section. Also, see Appendix C of this document for a sample NJDOT report”.

Condition Description Feasible Action NJ response

0 Not applicable None 1250
Element performs intended function with

1 highpdegree of reliability (good) None 330

2 Element performs intended function with Repair element, increase inspection 110

small reduction in reliability (fair) frequency, do nothing

3 Element performs intended function with Repair or replacement of element 4
significant reduction in reliability (poor) within specified time frame

4 Element does not perform intended function Immediate repair or replacement of 0

with any degree of reliability (critical) element

Table 3.8 — Structure condition classification as referred by FHWA NHI 05-03.6
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According to this set of guidelines, the structures’ conditions are rated from 0 to 4 according
to Table 3.8. The number of damaged structures reported by NJDOT is reported in the fourth
column of the table. This gives New Jersey a similar number of damaged structures as New
York.

3.2.9 Question 9 (What is the percentage of the types of damage sources to overhead
structures members that require repair action to be taken)

To investigate the origin of the detected problems question 9 was formulated. Seven
sources of damage were initially considered, namely vehicle impact, corrosion occurring at
unrepaired site of vehicle impact, corrosion resulting from a source other than vehicle
impact, natural hazard, construction/design error, nonspecific deterioration due to aging, and
missing bolts.

PA 4 PA 5 PA 8 PA9 PA 10 PA 11 PA 12

Vehicle impact 0% 1% 80% 5% 20% 5% 5%
Corrosion at unrepaired

site of vehicle impact 0% 0% 0% 0% 0% 0% 0%
Corrosion from source

other than vehicle impact 0% 50% 0% 10% 0% 25% 15%
Natural hazard 0% 0% 0% 0% 0% 0% 0%
Construction/design error 0% 0% 0% 5% 0% 50% 0%
'(;'lj’e”igzcg;ﬂfgdeter'orat'°” 0%  24% 5% 0% 0% 0%  10%
Missing bolts 100% 15% 15% 80% 50% 20% 70%
Other * 0% 10% 0% 0% 30% 0% 0%

Table 3.9a — Percentage of damage given by specific damage sources.

AB AR CT IL KS MD NY ™ WA WI WY
Vehicle impact 98% 10% 3% 20% 65% 80% 5% 0% 5% 5% 1%

gfe’gﬁjs\;gﬁlgte‘jmggft'red 1% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0%

Corrosion from source
other than vehicle impact 1% 30% 27% 35% 0% 0% 30% 0% 80% 80% 7%

Natural hazard 0% 5% 3% 0% 25% 10% 0% 0% 5% 5% 0%
Construction/design 0% 0% 12% 13% 5% 10% 10% 0% 5% 5% 7%
g'jg‘igfgjfgdete”"ra“o” 0% 30% 30% 20% O 0% 20% 0% 5% 5% 85%
Missing bolts 0% 5% 24% 12% 0% 0% 0% 0% 0% 0% 0%
Other * 0% 20%' 0% 0% 5%° 0% 35%° 100%' 0% 0% 0%

Table 3.9b — Percentage of damage given for specific damage sources by State DOTSs.

! Fatigue cracks and mower impact
? |ce damage in enclosed tube
® Cracks in truss diagonal to chord welds and loose anchor bolt nuts
* Fatigue of anchor bolts in the concrete footing of the cantilever truss sign structures
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Tables 3.9a and 3.9b report the responses from the PA DOTs and from those states that
provided a quantitative estimation of the damage source, respectively.

Each PennDOT district listed missing bolts as causing some level of damage. This does
not reflect the national trend because only three other DOTSs listed missing bolts as damage
causing. This is interesting because in Question 6 nearly all responding DOTs checked loose
or missing bolts at the base as a problem observed.

This could lead to the conclusion that while missing bolts are a problem, they does not
cause an overwhelming amount of damage. Like the PennDOT Districts, most State DOTs
listed vehicle impact as causing some damage, if not the majority of damage, to a sign
structure.

Corrosion occurring at an unrepaired site of vehicle impact was only chosen by two
states, while all other damage causes received similar numbers of responses.

3.2.10 Question 10 (Sort (in decreasing order) the five most expensive (in term of
estimated cost for repair/replacement) types of defects encountered in overhead sign
supports during the last five years)

To assess the costs of the damages identified in the last two questions, Question 10
was proposed. As an open-ended question, Question 10 had a wide spectrum of responses
and costs. The three most common responses (including the average given costs) and the
most expensive documented repairs are presented in Table 3.10. Cracked weld repair is the
only thing common between the two. Other types of damage that at least one DOT listed are
Structural replacement, corrosion damage, fatigue cracks, old age, and tornado damage.
Many DOTs did not know the exact cost of fixing these damages. PennDOT district 11
usually budgets $100,000 for high priority fixes, and then wrap the costs of other
maintenance into upcoming construction projects.

PA 9 estimated that to replace a sign structure may cost $175,000 (3 chord), $25,000
(double pole), and $15,000 (single pole). Moreover removing, metalizing sign structure, and
reassembling structure cost $85,000 (3&4 chord).

Type of repair Cost
_ S« Bolt tightening/replacement $71,667
g % % Vehicle impact damage $77,563
o Cracked welds $12,500
e Cracking in welds of cantilever truss arm to column connection (CT) $2,500,000
é g ;5;_ Rusted through truss members (CT) $2,000,000
= Full replacement (NY) $130,000-$250,000

Table 3.10 — Most commonly listed types of damage and most expensive repairs reported. Note that
most common repair the average cost is reported.
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3.2.11 Question 11 (Provide (if known) the estimate cost over the last five years of the
following actions)

The information gathered in Question 10 was integrated with the information
obtained in Question 11, that aimed at estimating the cost over the last five years of the
following actions: 1) Scheduled inspection of overhead sign structures, 2) Unscheduled
inspection of overhead sign structures; 3) Repair of overhead sign structures, and 4)
Replacement of overhead sign structures.

Not all DOTs gave responses to Question 11 and those that did respond gave very
different values. Because of this the given values were averaged and are summarized below
in Table 3.11 as a list of the average, median, high, low, and total value spent on each item
by all reporting DOTs. Replacement is the highest cost item, which is reasonable because it
is a large option to undertake. Because of this high cost, DOTSs rightly spend a large amount
of money on inspection and subsequent repairs. Spending money in these two areas will
probably allow them to spend less money on future replacements.

Average High Low Total
Scheduled inspection $3,115,886  $21,500,000 $50,000 $40,506,513
Unscheduled inspection $86,750 $250,000 $2,500 $520,500
Repair to structure $1,284,100  $4,000,000 $500 $6,420,500
Replacement of structure | $6,420,566  $25,000,000 $85,000 $57,785,000

Table 3.11 — Values for reported costs given as answers to Question 11

3.2.12 Question 12 (Briefly describe what analytical procedures (finite element method
software, structural design software, etc...) are used to assess the damage and the need
for repair overhead structures (include names of software if appropriate))

To gather insight about the analytical procedures adopted to assess the soundness of sign
structures, Question 12 was formulated. Many DOTSs did not answer this question or did not
know if they use any analytical procedures. The PennDOT district 11 responder said that
“generally it is difficult to model sign structures that are damaged. The type of damage
typically associated with sign structures is due to vehicular collision, a crack in a member,
or damage due to overload. This type of damage is difficult to accurately analyze due to
questionable section properties. Sometimes the evaluation is handled by engineering
judgment.” Those that do use analytical software gave the following responses:

STAAD - Connecticut, Kansas, New York

SABRE - Connecticut, Maryland

In house/consultant developed programs — Connecticut, Kansas, New York

Excel — New York

None — Alberta, Illinois, New Jersey, PennDOT District 10, Tennessee, Washington
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3.2.13 Question 13 (Briefly describe the most common repair methods)

This question asked for the most common repair methods, and the most common
response to this question is that the State removes and replaces whatever is damaged. In the
case of loose anchor bolts, those that are not replaced are tightened. Cracks can be fixed by
re-welding the offending weld. All DOTs that answered gave similar answers; the only
unique answer is that New York State reported the use of fiber reinforced polymer to
strengthen truss members with weld cracks.

3.2.14 Question 14 (Rate the following factors by importance in the determination of the
inspection method or repair)

Table 3.12 shows the number of DOTs that responded that each given repair factor
had a low, moderate, or high importance in determining if the damage would be repaired.
The highest rated factor chosen was fixing damage that affects the load bearing capacity of
the structure. This makes sense because we found out in Question 11 that sign replacement
is the most expensive cost associated with sign structures, and if a sign cannot bear a load it
will likely collapse and need to be replaced. Because some DOTs marked some of the factors
not considered, the numbers in the fifth column differ.

On the other end of the spectrum, the aesthetics of the repair was chosen as the least
important factor.

Low Moderate High Total
Cost of repair 2 6 10 18
Time to make repair 6 8 6 20
Aesthetics of repair 13 4 18
Interruption of service 4 7 9 20
Load capacity 2 3 14 19
Expected life of service repair 2 4 13 19
Maintenance required 2 11 6 19

Table 3.12 — Number of DOTSs in each repair priority response category.

3.3 COMPARISON WITH PREVIOUS SURVEYS

In 1999 and 2002 the NCHRP and MIDOT, respectively, sponsored surveys on sign
support structures. Although the focus of those surveys was more oriented toward design
methodologies and structural fatigue issues, it is possible to compare some of the outcomes
of those surveys with the present one.

3.3.1 NCHRP survey vs. PITT survey
The 1999 NCHRP sought to gain information about the “fatigue and vibration of non-
cantilevered support structures, foundations, drag coefficients for round and multi-sided
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sections, structure-specific connection plate and base plate flatness tolerances for erection,
bending about the diagonal axis of rectangular sections, fiber-reinforced composite support
structures, design examples, and retrofit/rehabilitation for fatigue damaged support
structures” (Dexter and Ricker 2002). The numbers and the jurisdictions that responded were
not indicated. Similar to PITT’s survey, the 1999 survey inquired about the states that inspect
their support structures. They found that 66.7% of states perform inspections and 29.17% do
not perform inspections while 4.17% of states did not respond. More specifically they found
that 60.42% inspect overhead cantilevered structures and 58.33% inspect overhead bridge
structures. All states except UTAH who responded to the PITT’s survey indicated that they
inspect their structures. As was noted in Section 3.3.3 there is no nationwide time table on
which these structures are inspected, but after comparing the results of the 2008 survey to the
1999 survey it is clear that the importance placed on sign structure inspection has grown.

3.3.2 Michigan Survey vs. Pitt Survey

Thirty-eight states responded to the 2002 survey (Alhborn et al. 2003). Figure 3.7
compares the states that responded to the survey conducted for the 2002 and 2008 (PITT’s)
survey. The Canadian Province of Alberta also responded to the Pittsburgh Survey, but there
is no mention of surveying Canadian Provinces in the Michigan Tech survey, so only the
responses of US states will be used to compare the two. The only state that responded to the
current survey and not to Michigan’s is Washington.

There are two common questions between the two surveys. The first asks what types of
sign support structures are used. Figure 3.8 shows the results of this question and Figure 3.9
shows a comparison between the two reports.

Figure 3.7 — States responding to (a) Michigan Tech and (b) University of Pittsburgh survey

Several conclusions can be drawn from Figure 3.8. The percentage of states using
cantilevered trusses is similar now to what it was in 2002. Fewer states use overhead trusses
with single poles now than in 2002, and the percentage of states with cantilevered poles,
overhead trusses with truss poles, and other structures has increased. Looking closely at the
common state’s answers in each survey, those for cantilevered trusses are exactly the same.
Interestingly, the results are very different for each survey for the other three structure types.
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(:3 é 1ICI 15 2I0 25 30 35
Number of States Responding
Figure 3.8 — Structure type response for 2002 Michigan Tech Survey

For example, Connecticut, Maryland, and Kansas reported using overhead trusses in
2002 but not in 2008. It is unlikely that in the last six years such structures were dismantled.
It is possible though that different terminolgy used in both surveys have generated different
responses. The comparison of which states reported use of which structure type in each
survey is shown in Table 3.14.

The second similar question between the 2002 Michigan Tech survey and the 2008
University of Pittsburgh survey involved finding out if the responding state experienced
problems with overhead sign structures. More specifically, the 2002 survey asked if there
were problems with excessive vibration or cracking and also allowed the responder to fill in
an “other” response.

W Michigan Survey
w Pitt Survey
|

0% 20% 40% 60% 80% 100%

Percentage of Responders

Figure 3.9 — Comparison of structure types in use
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Cantilevered Truss Overhead Truss Cantilevered Pole Truss w/ truss pole
2002 2008 2002 2008 2002 2008 2002 2008

AR X X
CN X X X X X
IL X X X X X X
1A X X X
KS X X X X X X
MD X X X X X
Mi X X X X

NJ X X X X X X
NY X X X X X X X
PA X X X X X X
TN X X X X X X
Wi X X X X X X X
WY X X X X X X

Table 3.13 — Structures used across certain States according to 2002 and 2008 survey.

The present survey divided cracks into tube to tube weld cracks and column to base
cracks, and also asked about loose or missing bolts and the mast arm to column connection.
The results of the 2002 survey are shown in Fig. 3.10.

Recall from Section 3.3.6 that the current survey found loose or missing bolts as the most
commonly listed problem. Of all 38 states responding to the 2002 survey only Wyoming
listed loose bolts as a problem. Along with this, nearly all states reported some form of
cracking as a problem in the current survey while only 11 of 38 states listed cracking as a
problem in 2002.

Illinois, lowa, Michigan, Tennessee, and Wyoming listed cracking as a problem in both
surveys and New York listed corrosion of the posts at the base plate as a problem both times.
It could be interpreted from the differences between the results of the two surveys that either
more problems exist in sign structures today then in 2002 or that DOTs are more aware of the
problems that exist now than they were in the past.

States that answered yes: |
Cracking: 69%

Excessive Vibration: 19% |
Other: 36% |

Figure 3.10 — Results of Michigan’s survey about whether or not states experienced problems with
sign structures.
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3.4 Summary and Conclusion of the Survey Results

This chapter presented the results of a survey conducted by the University of
Pittsburgh. In general the following other information was given.

MODOT reported that: “Missouri originally had a 2 year inspection program that
was conducted in house by our District Traffic Staff. Many of these inspections were not
being faithfully conducted, primarily due to the high concentrations of structures in the two
urban areas and a lack of personnel. In addition, the personnel were not adequately trained
as structural inspectors. As a result, the department pursued a contract to have our
overhead sign structures inspected by a structural consultant. Given our funding and the
number of structures we have this program will take three years to complete ... the first year
is just now being completed. As a result, we are not able to completely fill out your
questionnaire as much of the information will not be complete until after the last year of this
program. So far, however, the majority of the issues we have seen have been loose or
missing anchor bolts, minor impact damage (major damage is replaced as it is very evident)
and a few cases of weld failures on diagonal members in box trusses. Nothing found to date
has not been correctable. To date, we have no record of having a catastrophic failure other
than impacts by oversized loads”.

The Tennessee DOT reported that they “went through a sign structure inspection
process several years ago (2000) and followed that with a retrofit program of the four bolt
cantilever sign structures. Our main problem with the cantilever sign structures have been
fatigue of the back anchor bolts causing failure of the structure. Currently any cantilever
sign structure constructed on any state road in Tennessee requires a special designed footing
with a pipe pile projecting up through the center of the footing and into the annular opening
of the vertical mast of the sign structure. The void between the concrete filled pipe piling and
the wall of the column is filled with grout so that in the event of a bolt failure the structure
will not catastrophically fail. [...]. However we are trying to avoid the use of the cantilever
structure and use more overhead or sign bridge structures”.

New Jersey has ““heavy” overhead sign structures inspected through the Bureau of
Structural Engineering (Structural Evaluation).““Light™ sign supporting cantilever poles (the
standard types typically used for various traffic control purposes, that may have been given
the task of holding a sign) are the purview of the maintenance arm of the Department, and
would be maintained by them according to their procedures for maintaining all traffic
control structures. The data reported here applies to the ““heavy’” structures only.

The answers given by the responding DOTSs show that while sign structures across the
U.S. are pretty similar and are damaged in similar ways, the inspection processes are not very
similar. Most likely this is the origin of the quantitative discrepancies reported in this
chapter.
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CHAPTER 4: FATIGUE ANALYSIS

A general algorithm that includes wind action, fatigue stress analysis and finite element
modeling was developed as a part of the project. The algorithm was specifically applied to
the case study of an overhead structure. This algorithm determined the effect of wind loads
on the fatigue performance and established a relationship between damage severity and
residual fatigue lifetime.

The following steps were performed:
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;

3. formulate an accurate loading scenario that sign structures are subjected to while in
service;

4. identify the elements of the structures more prone to develop fatigue cracks;

5. calculate the fatigue life of critical elements under pristine conditions of the whole
sign support structures;

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

Steps 3 through 6 were accomplished by examining a real structure deployed in the
Pittsburgh area. 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 high stresses 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. Low-cycle fatigue takes place in highway sign structures.

Interested readers can refer to the following publication,

Kacin, J., Rizzo, P., and Annamdas, V.G.M. (2009). Sensing Technology for Damage Assessment
of Sign Supports and Cantilever Poles — Tasks 2-3, Year 1 Report, Pennsylvania Department of
Transportation, Contract No. 519691-PIT 008, University of Pittsburgh.

to gain more insights about the program codes and more details about the analytical
formulation developed during this part of the project.

4.1 PROBLEM STATEMENT

Owing to their functionality, highway sign support structures must span great distances to
provide drivers with needed information without introducing the danger associated with the
occurrence of intermediate supports on medians or other locations adjacent to the roadway
(Kozy and Earls 2007). Because of their long span length and relatively small cross-sectional
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area and mass, these sign structures are flexible. This flexibility gives sign structures low
natural frequencies. The damping is also low, typically around 1% of critical damping. These
properties make these structures susceptible to large-amplitude vibration and fatigue cracking
under wind loading (Li et al. 2005).

The AASHTO 2001 specifications (AASHTO 2001) divide wind loadings into the
following: galloping, vortex shedding, natural wind gusts, and truck induced gusts. Galloping
is an aeroelastic phenomenon that occurs when the across-wind oscillations of a structure
create variations in the angle of attack of the wind flow. Galloping does not occur on
cylindrical elements alone; it is caused by wind loading acting on the attachments. Vortex
shedding is caused by the shedding of tiny whirlpools of air created as the structure disrupts
the natural air flow. Wind gust loading is the result of varying gust patterns. Wind flow
velocity components can fluctuate within a broad range of frequencies, causing strong
fluctuating pressures that can induce vibration.

Truck-induced gusts occur as a result of the passage of large trucks underneath the sign
structure. Higher speeds cause a significant disturbance in airflow, causing gust loading on
both the frontal area of the structure and the underside of the members, creating torsional and
bending moments in the connections (Ahlborn et al. 2004). The horizontal gust created by a
truck is much smaller than that created by natural wind. The magnitude of the vertical
pressure 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 (Creamer 1979).

The magnitude, direction, and frequency of pressure distributions on VMS caused by
trucks passing underneath were determined by Cook et al. (1997). 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. By studying the effect of
height on pressure, a 10% reduction in pressure for each foot of sign elevation increase was
observed. Kaczinski et al. (1998) characterized the susceptibility of cantilevered structures to
excessive displacement or fatigue damage.

An equivalent static load range was developed 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. Fouad et al. (2003) and Fouad and Calvert
(2005) studied fatigue and vibration in overhead structures to determine the impact of the
extreme wind load and fatigue provisions on the design of cantilevered overhead sign support
structures.

Natural wind on sign structures is usually characterized by a fluctuating wind force (Ginal
2003, Kaczynski 1998, Dexter and Ricker 2002, Li 2005). A wind force spectrum can be
obtained by using either the Davenport wind velocity spectrum (Davenport 1961) or the
Kaimal wind spectrum (Kaimal et al. 1972). Dexter and Ricker (2002) applied a randomly
occurring wind load with base wind speeds ranging from 0 to 26.8 m/s (0 to 60 mph).
Extreme speeds with a mean occurrence of greater than 1 year were considered not relevant
for the fatigue analysis. Ginal (2003) studied three overhead sign structures by considering a
2.24-22.4 m/s (5-50) mph wind speed range and the Kaimal spectrum. Finally, Li (2005)
developed a wind load time history to be used in a finite element analysis of several sign
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support structures types. The range of wind speeds used in the analysis varied from 0-13.4
m/s (0-30 mph) and the Kaimal spectrum was used.

Fatigue modeling of highway sign structures was carried out by several researchers
(Zalewski and Huckelbridge 2005, Ginal 2003, Fouad et al. 2003, Dexter and Ricker 2002,
Li 2005, Van de Lindt and Ahkborn 2005, Park and Stallings 2006). Such studies varied by
the type of wind loading included, the type of structure analyzed, the wind spectrum
considered, and the method to carry out the transient analysis. Desantis and Haig (1996)
analyzed the fatigue failure of a cantilever sign structure using the commercial finite element
analysis program ANSYS. Two tapered poles formed the chords of the cantilevered truss
and a VMS was attached at the end. Dexter and Ricker (2002) performed a finite element
fatigue analysis of a cantilevered two-chord truss and a cantilevered four-chord box truss,
both of which support VMSs and experienced excessive vibration in the field. The structures
were modeled using ABAQUS.

Natural wind gusts were applied to the entire exposed area of the sign and structure.
The horizontal component of truck induced gusts was neglected because it was considered
small when compared to the magnitude of natural gusts, while the vertical component was
applied to the bottom of the VMS. Ginal (2003) evaluated the fatigue performance of three
full span overhead sign support structures using ANSYS. The effect of fatigue life due to
both truck induced pulses and natural wind were determined separately. Wind data were
collected in terms of speed and direction from the National Climatic Data Center (NCDC)
(http://cdo.ncdc.noaa.gov). A rainflow counting algorithm to transform stress histories into
stress ranges was used and the Palmgren-Miner rule to assess yearly fatigue damage was
employed. The fatigue life predicted for the critical members in the three structures under
investigation ranged between four years and 27 years.

Finally, Li (2005) utilized ANSYS to model a cantilevered double mast arm, a
cantilevered single mast arm, a box truss, a monotube, and a tri-chord sign structure, focusing
on the modeling of critical connections in these structures. Only natural wind was
considered. As such, all loads other than natural wind were ignored, because 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. Similar to Ginal’s work, the fatigue
analytical method included the use of SN curves, Miner’s rule, rainflow counting, and fatigue
limits. Transient analyses were performed on the finite element models to obtain stress-time
histories at critical details. Li found that practically all connections in the box truss,
cantilevered monotube, and tri-chord truss have an infinite lifetime.

Park and Stallings (2006) performed a fatigue evaluation of two overhead box trusses to
investigate the applicability of the AASHTO 2001 sign support specifications to non-
cantilevered structures. Field monitoring tests were performed using strain gauges and a
wind anemometer. The response associated with both natural and truck induced gusts was
measured, and it was found that natural wind caused most of the significant cycles. Very few
members were found to have a finite fatigue life.

In the study presented in this chapter the finite element software ANSYS was used to
create the model of an overhead sign structure to: a) determine the effect of wind loads on the
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fatigue life performance, b) identify the elements of the structure prone to fatigue cracking,
and c) establish a relationship between damage severity and reduction of the fatigue lifetime.

Natural wind load was considered and the Kaimal wind spectrum was used. Wind data
relative to the Pittsburgh International Airport were considered. Three welded diagonal
members were specifically analyzed, being among the most critical. The stress history of
such elements was found and coupled with a rainflow counting algorithm in order to
calculate the complete stress cycles within the time history. The AASHTO stress-life curves
were adopted to estimate the damage associated with a particular stress cycle. Finally, the
Palmgren Miner rule of linear damage accumulation was used to find the fatigue life of each
critical member.

The method was employed to analyze the structure in pristine condition and with
simulated damaged elements. The reduction of the fatigue life when damage is present was
quantified.

4.2 SIGN STRUCTURE AND FINITE ELEMENT MODEL

The overhead four-chord box truss shown in Fig. 4.1 was studied. The structure, built in
1988, spans 59.1 m (194 ft) over nine lanes of traffic. The structure is made of steel
members, while the signs are flat aluminum panels. Both the box truss and the upright webs
are constructed with angles, while the uprights posts are made of wide flanges. Design plan
and drawings of the structure are in Kacin (2009) and Kacin et al. (2009).

Figure 4.1 — Overhead sign structure modeled in this study for fatigue analysis.

The structure mounts five signs of varying shapes and sizes, though the original plans for
the structure showed four signs. Since erection, another sign has been added. A catwalk
spans over the northbound lanes. Both welded and bolted connections are present. The
chords 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

44



Sensing technology for Sign Supports _Final Report

fillet welded to the chord. The signs on the structure are attached to the truss through vertical
W sections.

The commercial software ANSYS version 11.0 software was chosen to model the
structure and to run a transient analysis with a wind load applied as a traction force. The
model was linear elastic and the small deformations caused by the wind loading were
assumed to cause an elastic response.

(a) ANSYS (b) ANSYS|

Figure 4.2 - ANSYS model of sign structure 511-76. (a) Model with 4 four aluminum signs
attached. (b) Model with 5 five aluminum signs attached.

Because the gravity is not a time-variant variable, its effect was not included in the
analysis.

Nodes and lines were built by using the ANSYS Parametric Design Language (APDL)
and the implicit time integration was used. The model shown in Fig. 4.2 represents the
structure with 4 and 5 signs, respectively.

The steel components were modeled using a three dimensional two-node beam element,
and the aluminum signs and the catwalk were modeled using a three dimensional four-node
shell element. The beam elements were Bernoulli-Euler beams. The sign mesh was cut 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 at finite points.
All connections were modeled as fixed connections.

The model’s inputs were cross sectional area, moment of inertia, member thickness,
Young’s modulus, and material density. Table 4.1 summarizes the section properties used for
each member.

Before proceeding with the thorough analysis of the truss, in order to verify that the
numerical model converged, a mesh convergence study was performed by comparing the
stresses obtained with different mesh densities. Time integration was equal to 0.002 sec. Both
mesh density and integration’s time step were considered a good tradeoff between
computational speed and solution accuracy to guarantee the convergence of the solution. For
instance, the values of stresses changed less than 1% when the time step was halved to 0.001
sec.
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Span
Truss Depth
Truss Width

Tower A Height
Panel Point Spacing
Tower B Height
Panel Point Spacing
Element type 1
Element type 2

Section Property 1
Section Property 2
Section Property 3
Section Property 4
Section Property 5
Section Property 6
Section Property 7
Section Property 8
Section Property 9
Section Property 10
Section Property 11
Section Property 12

194 59.13 m
7.5 229 m
10° 3.05m

26’-5” 8.05m
22’-8” 6.91m
28’ 8.53m
24°-3" 7.39m
Beam4
SHELL63

L 8x8x7/8
L 4x4x3/8
L 4x4x5/8
L 3.5x3.5x5/16
C 15x33.9
C4x54
W 30x124
W 6x12
W 6x8.5
Thickness = 1/4"
Thickness = 4"
L8x8x5/8

Elastic properties of steel

Young's Modulus 2.9x10° psi 210 GPa
Poisson's Ratio 0.3 0.3
Density 0.282 Ib/in® 7.85 g/cm®
Elastic properties of aluminum
Young's modulus 10° psi 69 GPa
Poisson's ratio 0.35 0.35
Density 0.093 Ib/in® 2.7 glem®

Table 4.1 - Model information in U.S. Customary system and in Sl units.

4.3 WIND LOADING ON SIGN STRUCTURES

The action of natural wind on the structure was simulated by using a Matlab program that
generated data to be read into ANSYS. Truck induced gusts were neglected because they
mainly affect VMS support structures that, unlike flat aluminum signs, have a large area
parallel to the road (McLean 2004).
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4.3.1 Basic Characteristics Of Natural Wind

In general, wind velocity is dependent on the time 7 and on the height z from the ground.
The wind time history V(z) can be considered as the resultant of two components: a mean

component 7 (r) and a fluctuating component ¥'(¢). This concept can be expressed through
the equation v (1) =V (1) +V'(1) .

Two empirical formulas describe the effect of the height from the ground on wind speed
over flat areas. These relationships are the power law:

v(z)=V, [ij (4.1)
Z
and the logarithmic law
iz =1 In(ij (4.2)
k ZO

where V(z) is the wind speed at a height z above the ground, V'« is the shear velocity or
friction velocity equal to the square root of the ratio between the shear stress of wind at
ground level and the air density, k& = 0.4 is the von Karman constant, z, is the ground
roughness elements; V; is the wind speed at a reference height z; and a is the power law
exponent which is based on the terrain (Liu 1991). Because the logarithmic law produces
negative wind speeds when z < z, the power law is generally used in engineering
applications.

Because the structure is a bluff body, the wind pressure can be quantified by using the
Bernoulli equation

ps=pa+§pvz (4.3)

that predicts the stagnation pressure p, at the stagnation point. In Eq. (4.3) p, is the
ambient pressure, p is the air density and V' is the speed of the upstream wind. In the case
when the ambient pressure is equal 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 the
equation:

1 .2

p=5pV (4.4)

Drag was considered. 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 (Cy) for the signs and truss members. The drag force on the signs
was 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 remaining 40% is caused by
pressure on the rear face (Holmes 2007). The drag coefficient C, for a square plate in
perfectly smooth wind flow is about 1.1, but all of the signs on the modeled structure are
rectangular so they have a slightly larger value of C,.
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Aspect Ratio Cy Sign# Aspect Ratio Cy4
1.0 1.12 1 15 1.16
2.0 1.19 2 1.52 1.16
5.0 1.20 3 1.8 1.18
10.0 1.23 4 1.14 1.13
15.0 1.30 5 1.6 1.16

Table 4.2 - AASHTO coefficients of drag for sign panels. (b) Coefficients of drag used in this
report.

The AASHTO sign support specifications provide a table of drag coefficient values (Table
4.2a). These values are based on the sign’s aspect ratio (length to height ratio). Table 4.2b
summarizes the aspect ratio and the corresponding value of C, for the signs of the modeled
structure. In the table, the panels are numbered from west to east. In order to apply the same
wind loading to each sign, these drag coefficients were averaged so that the value of C; =
1.16 was used.

The drag coefficients shown in Table 4.2 cannot be used for the truss, because the truss is
not a solid plate. When wind flows through a truss, the reduction of the difference in
windward and leeward pressures must be taken into account. This reduction then causes a
smaller drag force. The overall reduction in drag depends on the solidity ratio (6), which is
the ratio of solid area to the total area, and the porosity factor X,, which represents the
reduction in drag, is expressed as follows:

K, =1-(1-5)? (4.5)

Once the porosity factor is known, the reduced drag coefficient C,s, can be calculated as
[23]:

Cis=Cy-K, (4.6)

In this study the values of Cq= 1.62, K, = 0.467, and 6 = 0.27 were used. Details about the
calculation of such values are in McLean (2007) and Kacin (2009). The drag coefficient for
both the signs and the truss members were used to find the pressure load applied to the
structure.

4.3.2 Wind Simulation

Much research has been done in the past to develop a spectrum that could accurately
predict the dynamic characteristic of wind. Owing to its gusty nature, the complexity of wind
cannot be perfectly predicted. Wind spectra assume that over a time period the statistical
characteristics of wind can be regarded as constant (Davenport 1961).

In this study the Kaimal spectrum (Kaimal et al. 1972) was used, for it accounts for the
height of the structure. The following relationship relative to the horizontal component of the
wind was considered:

200212
fz
u,(1+50-=)
u

z

Ska(f) = (47)
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where Sy, is the Kaimal spectrum, z is height above the ground, u= is the shear velocity, u,
is the mean wind velocity at z. From Eq. (4.2), the shear velocity can be expressed as
follows:

y, =tk (4.8).

(%)
20

For the ground roughness coefficient z, the value of 35.56 mm (1.4 in) valid for open
terrain (Liu 1991) was used.

4.3.3 Analytical Wind Simulation Process

To model the turbulent nature of wind in the horizontal direction, a five-second period
time history load with sampling rate equal to 100 Hz was considered.

Base wind speeds of 0-25 mph were used to simulate the action of wind load on the
structure. Weather data collected at the Pittsburgh International Airport and provided by the
NCDC were used to measure the probability of occurrence of each of these speeds.
Typically, the hourly measurements record the wind velocity over pre-defined one-minute
period. This measurement therefore does not necessarily record the maximum value during
the hour. Data collected between January 1999 and December 2008 were used.

Wind data were then clustered 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.

Similarly, the directions were divided into bins containing the four cardinal directions and
the four primary inter-cardinal directions. The resulting histograms presented in Fig. 4.3
show a positively skewed distribution with the maximum number of speeds occurring in the
2.24 m/s (5 mph) bin. Figure 4.3b shows that the prevailing wind flows along west direction.

The frequency of the occurrence of wind speeds above 13.4 m/s (30 mph) was statistically
negligible; it was ignored in the subsequent analysis. A basic statistical analysis was
performed in order to determine the probability of the 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 given that B has taken place
(or will take place). Both cases were analyzed. To compare the results of the present study
with the existing literature, only the joint probability was used to calculate the fatigue life by
using the following equation:

P(ANB)=P(B)-P(A|B) = P(A)-P(B| A) 4.9

where, P(ANB) is the joint probability, P(4) is the independent probability of 4, and a
conditional probability is written as P(4|B) and read “probability of A given B.”
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Figure 4.3 - (a) Frequency of wind speeds in Pittsburgh, PA; (b) Frequency of wind direction in
Pittsburgh, PA

The individual P(A) and P(B) are known from the histograms shown in Fig. 4.3. 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 P(A|B) histograms of Fig. 4.4 where direction is event A and speed is event
B. Equation (4.9) was used to calculate the joint probability.

<
X
|

Frequency of occurrence

The joint probabilities of directions at the Pittsburgh International Airport are presented in
Fig. 4.5.

The mean component » was found using the power law. The turbulent component u’(¢)
was found by using the weighted amplitude wave superposition (lannuzzi and Spinelli 1987):

N
w(t) = ) \J2S,, fil)f -cosafit + ¢ (4.10)
k=1

where ¢ is the phase angle randomly distributed between 0 and 2rm. The wind pressure
P(t) and the applied force F(¢) were obtained
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P(t) = % PpCu(t)? (4.11)

F(t) = AP(¢t) (4.12),
where p is the air density, u(/)=u +u'() , and 4 is the gross area over which the pressure is
applied.

The above procedure was implemented into a Matlab script to obtain the five wind time
histories associated with five different wind speeds. Wind pressures acting on the signs are
shown in Fig. 4.6a. The effect of wind pressure acting on the truss elements and modeled as
concentrated forces on the truss’ joints are shown in Fig. 4.6b.
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Figure 4.4 - Probabilities of directions given a certain wind speed. P(A|B) for A= wind direction and
B= wind speed. Figures (a) through (e) are associated to wind speed of 5, 10, 15, 20, and 25 mph.

52



Sensing technology for Sign Supports _Final Report

12% 10.35%

0/
9% 6.42% 6.9506 /-51%

6% A 5.21% 5.07% 4.76%
3.10%

3% -
0%
10%

0/ -
8% 6.25% 6.84%

8.03%

4% - 3.34%

2.08% 2.34%

2% - 0.96%
0%
5% 4.59%
4% A
3% A 2.34% 2.59%
2% -
105 074%

0%
1.5%

1.17%
0.099 0:26% O21%

1.19%
1.0% A

0.53%

0.5% - 0.39%

0.11% 0.01% 0.02% 0.10% 0.09%

0.0% + M —¥F—
0.3%

0.2% -
0.11%
0.1% - 0.08%

0,
0.02% 0.00% 0.00% 0.01% 0.01%

N NE E SE S SW W NW

Figure 4.5 - Joint probabilities of directions recorded at the Pittsburgh International Airport.
Figures (a) through (e) are associated to wind speed of 5, 10, 15, 20, and 25 mph.

0.0% M

53



Sensing technology for Sign Supports _Final Report

150

——25mph ----- 20 mph

120 -

(o]
o
1

Pressure (Pa)

100

Pressure (Pa)

Time (sec)

Figure 4.6 -. (a) Wind pressures to be applied to signs. (b) Wind pressures to be applied to
truss’s elements joints

4.4 FATIGUE LIFE CALCULATION

The S-N method was used to calculate the fatigue life of the structure. In order to use this
method the applied stress must be in the elastic range. The basis of this method is the stress-
life curve which plot the stress range S versus the number of cycles to failure N. The basic
equation of each curve is given by the following:
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Al

Ni=s

1

(4.13)

where A’ is a constant given in the AASHTO 2004 manual (AASHTO 2004) and
associated with the member connection, S; is the stress range acting on the detail at cycle i,
and A; is the number of cycles of the stress range. A representation of the S-N curve adapted
from AASHTO 2004 is shown in Figure 4.7. For convenience the curve are presented in
U.S. Customary system and SI Units. Each S-N curve has a discontinuity point after which
the value of the stress range is independent on the number of cycles (dashed horizontal lines
in Fig. 4.7).
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Figure 4.7 - Stress-Life curves adapted from (AASHTO 2004). (a) U.S. Customary system; (b) SI units.

Fatigue provisions utilize an infinite life design basis, requiring that the maximum stress
range within the load spectra be less than the corresponding constant amplitude fatigue limit
(CAFL) for the connection detail (Azzam and Menzemer 2008). The discontinuity points in
Fig. 4.7 identify the CAFL. When the design stress range is less than one-half of the CAFL,
the detail theoretically provides infinite life (AASHTO 2004). The AASHTO specifications
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contain nine design categories, labeled A through K2 in order of decreasing fatigue strength.
Examples of details are anchor bolts (Category D detail), post-to—base plate socket weld
connection (Category E' details), mast arm—-to—flange plate socket connections (Category E’
details), and hand hole openings (Category E detail). Many of the connection details for
cantilevered sign structures are classified as having low levels of fatigue resistance (Li et al.
2005). Table 4.3 shows the CAFL values for each detail category.

In the analysis, the maximum stress varied with time and the stress was measured at both
ends (nodes i and ;) of the element. Once the stress history of an element was found the
following steps were performed:

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;

3. Use the appropriate S-N diagram associated with the connection being considered to
calculate fatigue damage of the critical members;

4. Assess the fatigue life of each critical member.

Detail Category CAFL (ksi) CAFL (MPa)

A 24 165
B 16 110
B’ 12 83
C 10 69
D 7 48
E 4.5 31
E’ 2.6 18
ET 1.2 8
K 1 7

Table 4.3 - Constant amplitude fatigue limits.

Time histories were calculated for five members. The locations of these elements are
shown in Fig. 4.8a and 4.8b and 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.
Figure 4.8c shows the location of the connections while Table 4.4 illustrates the truss details
according to the TC-7718 from the Commonwealth of Pennsylvania Department of
Transportation.
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A\

Figure 4.8 - (a) Finite element model. (b) Close-up view of the critical members considered in
the present analysis. (c) location of connection details.
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As can be seen in Table 4.4 illustrates the connections for the critical members selected in
this study. Because welded connections have more severe initial cracking, and cracks in
welds can propagate from one element into another (Fisher et al. 1998), fixed connections
were used in the finite element model.

Location in Structure Connection Detail
Diagonal-L 3 ¥ix 3 Mx Cross Bracing-L4x4x3/8
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Table 4.4 - Connection details and their locations within the structure

Table 4.5 summarizes the characteristics of these critical elements.

In order to perform step 1 of the fatigue analysis, a rainflow counting algorithm was used to
determine the critical stress ranges within each member. The algorithm was introduced by
(Matsuishi and Endo) and was later standardized by the American Society for Testing and
Materials (ASTM E1049-85).
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ANSYS Element # Type Shape Length Length Stress Category
1710 Vertical L4x4x3/8  7°-6”  22.9m E
1725 Vertical L4x4x3/8  7°-6”  229m E
1826 Elevation Diagonal L4x4x3/8 12’-3” 37.3m E
1926 Elevation Diagonal L4x4x3/8 12’-3” 37.3m E
1921 Elevation Diagonal L4x4x3/8 12’-3” 37.3m E

Table 4.5 - Critical element stress categories.

The approach identifies closed hysteresis loops in a non-periodic stress response.

Because wind is a non-periodic loading, the structural response has no measureable
constant amplitude or period. The rainflow counting algorithm was used to reduce the load’s
time history into a number of constant amplitude ranges.

A damage summing method was used to calculate the fatigue damage. The Palmgren-
Miner rule was employed. This method assumes that each cycle causes some amount of
damage over a time duration 7' (Ahlborn 2004). Moreover all cycles of a given stress range
cause the same amount of damage regardless of when they occur in a structure’s lifetime and
that the presence of one stress range does not affect the damage caused by a different stress
range. The relationship between the fraction of damage D; that results from a specific stress
range S;, and the stress range »; is given by

n

D =—L 4.14
= (414

1

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 (4.13). According to Palmgren-Miner
rule failure occurs when the total damage D given by

D=>'D, (4.15)

reaches unity.

45 RESULTS
4.5.1 Pristine Structure

The fatigue life of the diagonal angle located at the left end on the rear face of the truss
(element 1921) is described. This member is connected to the truss chord via a filet weld and
therefore falls into the fatigue detail category E.

Figure 4.9 shows the stress history for a 25 mph base wind, at both ends of the element
(nodes i and ;). Time histories were found for all of the wind speeds from 2.24 m/s (5 mph)
to 11.8 m/s (25 mph).
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Figure 4.9 - Stress time history for element 1921 at a base speed of 11.8 m/s (25 mph).

Table 4.6 lists the stress values calculated at the completion of each cycle by means of
the rainflow algorithm. 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 4.6. Detailed
calculation of these stress ranges are in (Kacin 2009, Kacin et al. 2009).

According to the stress life method, only those stress ranges with a value greater than half
of the CAFL, i.e. 15.51 MPa (2250 psi), will cause fatigue damage. None of the stress ranges
in Table 4.6 are above 15.51 MPa (2250 psi), but for the sake of this example they will all be
used to show how damage is calculated.

The number of cycles (N) required to induce damage was calculated by using the S-N
equation (4.13).

Stress at node i Stress at node j
psi MPa psi MPa
349.78 2.4127 345.09 2.3793
414.83 2.8602 410.68 2.8316
608.54 4.1958 605.85 41772
649.56 4.4786 657.64 4.5343
775.23 5.3451 766.49 5.2848
777.04 5.3576 779.58 5.3751
905.54 6.2435 927.54 6.3952
945.49 6.5190 936.50 6.4570
946.48 6.5258 967.84 6.6731
966.74 6.6655 973.28 6.7106
995.23 6.8619 1022.57 7.0504
1462.67 10.084 1466.41 10.111

Table 4.6 - Stress ranges in psi in element 1921 at 11.8 m/s (25 mph).
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For fatigue category E, constant 4” = 3.61 x 10" MPa (11 x 10° ksi®). The Palmgren-
Miner rule states that the total damage can be found by summing all of the individual
damages. As shown in Table 4.7, the total damage in nodes i and ; are equal to 7.43x10”° and
7.65x10°°, respectively.

In order to turn these damages into fatigue lives the wind probability data is needed.
Because the sign structure is north-south oriented, only the wind probability occurring among
north and south directions should be considered.

Node i Node j

Si (kPa) (cy::]ies) (cy’c\;llles) Dy Si (psi) (cy::]ies) (cy’:lles) D
2411.65 0.5 257E+10 1.95E-11 2379.33 0.5 2.68E+10 1.87E-11
2860.15 0.5 154E+10 3.24E-11 2831.56 0.5 1.59E+10 3.15E-11
4195.76 0.5 4.88E+09 1.02E-10 4177.21 0.5 4.95E+09 1.01E-10
4478.59 1 4.01E+09 2.49E-10 4534.30 1 3.87E+09  2.59E-10
5345.06 05 2.36E+09 2.12E-10 5284.80 05 2.44E+09 2.05E-10
5357.54 1 2.34E+09 4.27E-10 5375.05 1 2.32E+09 4.31E-10
6243.52 1 1.48E+09 6.75E-10 6395.20 1 1.38E+09  7.25E-10
6518.96 1 1.30E+09 7.68E-10 6456.98 0.5 1.34E+09 3.73E-10
6525.79 0.5 1.30E+09 3.85E-10 6673.06 1 1.21E+09 8.24E-10
6665.48 1 1.22E+09 8.21E-10 6710.57 1 1.19e+09 8.38E-10
6861.91 1 1.12E+09 8.96E-10 7050.42 1 1.03E+09 9.72E-10
10084.82 1 3.52E+08 2.84E-09 10110.6 1 3.49E+08 2.87E-09

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

Table 4.7 - The damage at node i and j of element 1921 caused by a 11.8 m/s (25 mph) wind.

Because the load was applied to the model for a 5 second time period, the number
(6,307,200) of such periods over one year was found first. Then, this number is multiplied by
the joint probability plot associated with the north and south direction. These values were
plotted in Fig. 4.5 and are given in Table 4.8. Finally, the damage caused in one year is 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.

Wind speed North wind Number of 5-second South wind Number of 5-second
(m/s) probability cycles/year (North) probability cycles/year (South)
2.25 5.210% 328,577 10.353% 653,000

4.5 3.338% 210,537 6.245% 393,898
6.7 0.738% 46,521 1.173% 73,971
9.0 0.112% 7,084 0.094% 5,926
11.2 0.025% 1,567 0.013% 817

Table 4.8 — Probability of wind blowing in a certain direction for a certain speed.

61



Sensing technology for Sign Supports _Final Report

For example, the damage caused by a 11.8 m/s (25 mph) wind in the northern direction at
node i of element 1921 is given by the following:

7.43.10—9(LJ*1567[CW“):1.16.10—5[ ! j
cycle year year

The amount of damage per year caused at each wind speed in each direction is summed.
Since failure occurs when D = 1, the fatigue life is equal to the inverse of the amount of
damage per year. Table 4.9 summarizes the fatigue life for the three critical elements 1826,
1921, and 1926.

Total Damage

5 mph 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
i 4.78E-07 2,092,343
south 8.25E-10 1.72E-08 4.51E-08 1.34E-07 2.81E-08

1826
_ north  3.88E-10 7.57E-09 3.22E-08 4.24E-08 5.31E-08
j 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
1991 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
j 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
i 9.74E-07 1,026,406
1926 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
j 1.62E-06 618,741
south  4.85E-10 1.22E-07 3.95E-08 3.32E-07 2.18E-07
Table 4.9 - Fatigue life for the structure modeled with four signs.
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Figure 4.10 - Expected fatigue life in three critical members for the 5-signs and 4-signs
pristine structures.
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In order to make a comparison between the 4 and 5 sign model, the complete fatigue life
calculations shown in the example calculation were carried out for all base wind speeds. The
fatigue life of elements 1826, 1921, and 1926 are shown in Fig. 4.10. It is evident that the life
is longer for all of the members in the four sign model. This is expected since the load
transmitted to the critical members is lower when the amount of signs attached to the truss is
lower. The stress ranges in the members in the four sign model were much lower than those
in the five sign model, leading to a longer lifetime.

The analysis method adopted here assumes that the connections between members are
made to code. A connection may be weakened by anomalies like loose bolts or a weak weld
resulting in a reduced life. As such, albeit the results show that the structure will have an
infinite life, it cannot be concluded that the structure will never sustain any fatigue damage.

4.5.2 Damaged Structure

The fatigue life of the same structure with five signs mounted and simulated damage was
calculated. In order to simulate damage, a few randomly selected members near the two

ST
g T

Figure 4.11 - Sign support structure with reduced capacity. (a) One member with Young’s
modulus halved. (b) Two members with Young’s modulus halved. (Note that the signs are not
shown to ease the visibility of the chosen element).
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tower supports were assigned with reduced Young’s Modulus. The reduction of the Young’s
modulus simulates that these members had a lower load carrying capacity.

Three simulations were run: the first simulation involved one member only, the second
simulation involved the same member and an adjacent member having the same amount of
damage, and the third simulation considered member 1926 with Young’s modulus equal to
zero.

The first member that was selected to be damaged was the chord member shown in Fig.
4.11. To estimate the effect of damage on the fatigue life, the same critical members
discussed in section 4.5.1 were analyzed. A model with two damaged adjacent chord
members was made and shown in Fig. 4.11b. The fatigue lives of critical members in these
two models were found. Like the pristine model, the fatigue lives are once again infinite.

The fatigue lives of critical elements were found even though all of the stress ranges were
below the CAFL. Figure 4.12a shows the fatigue life predicted in the 5-signs structure for
the pristine structure and all simulations with damage. It can be seen that the fatigue life of
the critical members is reduced although it still can be considered infinite. Thus, damage in
the chord members will impact fatigue life, but not enough to result in their imminent failure.
Figure 4.12b quantifies the fatigue life variation of the damaged condition with respect to the
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Figure 4.12 - Expected fatigue life in the five-signs support structure that has no damage, one
member, two members, or member 1826 damaged; (b) variation of fatigue life with respect to
the pristine structure when one member, two members, or member 1826 are damages.
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pristine structure. When critical element 1926 carries no load, it was found that the fatigue
life of element 1826 increases. It can be argued that when a member is severely damaged, the
stress distribution along the truss changes. This may reduce the stress range in certain
members.

4.6. CONCLUSION

This chapter presents the results of a methodology aimed at determining the fatigue life of
critical structural members in overhead sign structures. Particularly, a four-chord box truss
deployed in the State of Pennsylvania, was studied. The structure was modeled using the
finite element program ANSYS, and a dynamic structural analysis was conducted to evaluate
the effect of natural wind on the fatigue life of five critical elements of the truss. A 5-second
natural wind load was considered by using the Kaimal wind spectrum and base speeds in the
range of 5-25 mph. The wind data were gathered from the NCDC website showed. The data
from the Pittsburgh International Airport were considered.

The critical members were chosen based on their connection type, with the welded
diagonal members being the most critical. The stress history of such elements was found.
Because the stress histories from ANSYS are not periodic, 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.

The analysis was carried out by considering: a) the structure in pristine conditions; b) the
structure having one or two members partially damaged; c) the structure having one critical
member fully damaged. It was found that the selected critical members have an infinite
fatigue life. Even though the results predicted an infinite life, the exact conditions in the field
cannot be predicted without monitoring the real structure and measuring the real wind
loading.

It should be pointed out that the single angle elements present is the truss may generate
large secondary moments, which, cannot be captured by the ANSYS BEAM4 element used
in this study. The deflection of all five elements discussed in this study associated with this
secondary moment was estimated by using conventional structural analysis. It was found that
the largest deflection was equal to 0.038 inches, which caused a stress increase in the order of
3.5% at the most.

In this research it was assumed that natural wind is the loading that most significantly
contributes to fatigue damage. The hypothesis supported by studies carried out, for instance,
for double—mast arm cantilevered sign structures (Li et al. 2005), may not be true for other
sign structures, such as single-mast arm cantilevered structures. As overhead sign structure
design varies from state-to-state within the U.S., an agreement among the different studies
should not be expected.

The computer procedure developed in this study is general and can be adapted to any type
of overhead sign structure. The geometry and material properties of the new structure need to
be accurately modeled in ANSYS or a similar program and the wind load algorithm
described in Chapter 4.4 can be applied.
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Figure 9.17 - Original time waveforms of 175 kHz for paths: (a) S0=>S2; (c) S0=>S3; (e) S3=>54;

(g) S3=>S5; (i) S3=>S6; (k) S1=>S0 and corresponding filtered waveforms of (b) S0=>S2; (d)

S0=>83; () S3=>54; (h) S3=>S5; (j) S3=>56; (I) S1=>S0 at the fourth measurement on June 17".
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As done for structure 1, the data were filtered using a Butterworth band pass filter.

Typical time waveforms recorded on June 17" are shown in Fig 9.17. The left column
refers to the original signals. The right column shows the corresponding filtered signals. The
following paths are presented: (a-b) S0=>S2; (c-d) S0=>S3; (e-f) S3=>S4; (g-h) S3=>S5; (i-})
S3=>56; (k-1) S1=>S0. After signal filtering, time window were applied and statistical
features were extracted from selected windowed information. With respect to structure 1, this
second structure has different waveguide geometry and the relative distance among the
transducers is also different. As such, the time of fight of the guided ultrasonic waves and the
modes observed differ.
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Figure 9.18 - Test 2. RMS-based damage index associated with paths: (a) S0=>S2/S3=>S0; (b)
S0=>S3/S3=>S0; (¢)S3=>S4/S3=>S0; (d)S3=>S5/S3=>S0;(e)S3=>S6/S3=>S0;(f) S1=>S0/S3=>S0.
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Figures 9.18, 9.19, and 9.20 present the RMS-, K factor- and variance-based damage
index. The plots refer to the following six damage indexes: S0=>S2/S3=>S0,
S0=>S3/S3=>S0, S3=>S4/S3=>S0, S3=>S5/S3=>S0, S3=>S6/S3=>S0 and S1=>S0/S3=>S0,
in which features extracted from S3=>S0 were used as normalization. The guided waves
propagating at 175 kHz were considered for the analysis. It can be seen that the
measurements obtained under mild rain conditions produced a decrease in the RMS values at
measurement numbers 7, 8 and 9.

Overall an increase of the damage index with temperature increase was observed. This is
the same response observed from the first structure. The scattering from measurement
number 17 to 23 in Fig. 9.18 (f) is unexpected for the environmental conditions were stable
along that period.
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Figure 9.19 — Test 2. K-factor-based damage index associated with paths: (a) SO=>S2/S3=>S0; (b)
S0=>S3/S3=>S0; (c)S3=>S4/S3=>S0; (d)S3=>S5/S3=>S0; (e)S3=>S6/S3=>S0; (f) S1=>S0/S3=>S0.
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Figure 9.20 - Test 2. Variance-based damage index associated with paths: (a) S0=>52/S3=>S0; (b)
S0=>S3/S3=>S0; (¢)S3=>S4/S3=>S0; (d)S3=>S5/S3=>S0; (e)S3=>S6/S3=>S0; (f) S1=>S0/S3=>S0.

Finally, Fig. 9.21 shows the multivariate analysis for the selected D.l.s. The measurements
taken during the first two days of test were used as training data. As found for structure 1 the
selection of the baseline data is pivotal to guarantee the robustness of the algorithm and more
extensive data that include various environmental conditions should be included in the
analysis.
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CHAPTER 10: CONCLUSIONS

10.1 DISCUSSION

This report presents the results of a study about sensing technology for highway sign
support structures. The objective of this study is two-fold: develop a numerical methodology
aimed at determining the fatigue life of critical structural members and develop an
inspection/monitoring technology to assess the structural soundness of such structures.

The report is articulated in three main parts.

The first part surveys the current technologies and procedures adopted by state DOTs all
over the U.S. The review discusses strength, limitations, and cost-analysis of each approach
and it includes potential techniques successfully adopted in other structures but not yet
validated or proven on sign support elements. For instance, given that sign supports are
mainly formed by welded hollow cylinders, a review of NDE methods in the pipeline
industry is presented.

The second part of the report presents the findings associated with the use of commercial
finite element method software to model an overhead four chord real sign support. The study
aimed at predicting fatigue performance and residual lifetime of in-service sign support
structures. In the framework of this part a review of the current algorithms to model the
action of wind on structures and of the most recent fatigue theories applied to dynamic
analysis to determine residual fatigue life of structures was conducted. Then, an accurate
loading scenario for the structure under investigation was formulated. The scenario included
wind loads. Finally, the action of wind loading was used to predict the residual lifetime of the
structure under pristine condition and under few simulated damaged conditions.

Finally, the third part of this report presents the research and development outcomes of
two NDE/SHM methodologies aimed at detecting damage in sign support structures. The
first method consists of the excitation and detection of guided ultrasonic waves at frequencies
ranging between 100 kHz and 300 kHz by means of an array of small PZTs. The detected
waves were processed by extracting statistical features from the time waveforms and feeding
an unsupervised learning algorithm based on the outlier analysis. The second NDE/SHM
method investigated in this study was the electromagnetic impedance method, which exploits
the mechanical impedance of a structure to monitor, in real-time, changes in structural
stiffness and damping. Because direct measurements of the mechanical impedance of a
structure are difficult to obtain, the electromechanical coupling effect of the host structure
(the sign support in this work) and a PZT are measured. In fact, whenever a PZT is driven by
an electrical current, the structure is deformed and produces a local dynamic response. This
response is detected by the same PZT as an electrical response, which is analyzed by an
impedance analyzer. Any damage in the host structure results in changes to its mechanical
impedance, which will be observed by changes in the electrical impedance of the PZT
material.
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The following activities were performed to validate the sensing technology and the SHM
proposed in this study: 1) large scale testing at the Watkins-Haggart laboratory at the
University of Pittsburgh (Pitt); and 2) field testing along interstate 279 few miles north of
Pittsburgh.

The experiments at Pitt aimed at developing a robust ultrasonic signal processing and an
impedance method analysis for field deployment. Robustness against noise, low-frequency
(very few Hertz) vibration, and environmental variations were considered. The density of the
array (number of PZTs per unit length) was determined with the goal of minimizing the cost
per sensing unit.

On one of the main chords of each structure tested in the field, PZT were bonded and data
were collected on a weekly basis.

10.2 SUMMARY OF FINDINGS
Chapter 1 motivated the study and described the outline of the report.

Chapter 2 described the nomenclature in use for sign support structures. The materials that
are utilized for the various structural elements were listed. Damage and factors inducing
damage determined were discussed including corrosion, fatigue, and loads.

Chapter 3 presented the results of a survey conducted by the University of Pittsburgh. The
answers given by the DOTSs that responded to the survey show that, while sign structures
across the US are pretty similar and are damaged in similar ways, the inspection processes
are not very similar. For instance, there is no uniformity in the interval between two
consecutive inspections.

Chapter 4 presented the results of the ANSYS model to evaluate the effect of natural wind
on the fatigue life of five critical elements of the truss. A 5-second natural wind load was
considered by using the Kaimal wind spectrum and base speeds in the range of 5-25 mph.
The wind data were gathered from the NCDC website. The data from the Pittsburgh
International Airport were considered. The analysis was carried out by considering: a) the
structure in pristine conditions; b) the structure having one or two members partially
damaged; c) the structure having one critical member fully damaged. It was found that the
selected critical members have an infinite fatigue life. Even though the results predicted an
infinite life, the exact conditions in the field cannot be predicted without monitoring the real
structure and measuring the real wind loading. It was assumed that natural wind is the
loading that most significantly contributes to fatigue damage. The computer procedure
developed in this study is general and can be adapted to any type of overhead sign structure.
The geometry and material properties of the new structure need to be accurately modeled in
ANSYS or a similar program and the wind load algorithm described in Chapter 4.4 can be
applied.

In general it was found that, although the fatigue life was found to be reduced by the
presence of damage, it can still be considered as infinite. The fatigue life of the critical
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members was also calculated by including the self-weight of the truss. In this case, the
fatigue life of one element is found to be on the order of 13-15 years.

Chapter 5 demonstrated that currently only four NDE techniques are considered for the
inspection of sign support structures: visual inspection, liquid penetrants, magnetic particles,
and ultrasonic testing. Visual inspection is the most widely used and the most economic
solution. However, it is ineffective to detect internal flaws. The cost to deploy other
techniques for a structure such as the one modeled for fatigue, range from $1,000 to about
$12,000. Potential techniques were identified. Some of them, however, are very expensive
like the X-ray technique which also carried out safety issues related to radiation. Other
technique like acoustic emission, ultrasonic guided waves, or EMI can be used although no
practical employment in the field has been reported for overhead sign structures.

Chapter 6 described: 1) the structure tested at the University of Pittsburgh; 2) the
hardware and software used for the experiments and the test protocol; 3) the structural health
monitoring algorithm applied to the propagation of guided waves.

The sensing system adopted in this study cost about $10-15 a piece, excluding the wiring
needed to connect them to the NI-PXI. The data acquisition system including the software is
at about $12,000-$15,000 and can control up to thirty-two PZTs. As such, the
hardware/software scheme presented in this chapter would be able to control up to n « (n-1)
wave propagation paths, where n = 32,

The Labview program used to control both monitoring systems was built in house and is
flexible to be modified at the user convenience and necessity. However, for a larger number
of transducers the software tasks should be optimized to secure fast execution and lower time
consumption.

Chapter 7 described the results of the SHM algorithm applied to GUW data. It was found
that:

e PZT as far as 2 meters (~7 feet) are able to detect guided waves with large signal to
noise ratio;

» several PZT pairs are able to detect the presence of a small size crack around the weld
toe;

»  certain waveform paths are more sensitive than other paths which therefore should be
ignored,

* multivariate analysis outperforms univariate analysis;

» the appropriate combination of certain features may outperform the use of all of the
features selected for the study;

»  certain frequencies, namely 150 kHz, 175 kHz, and 200 kHz are more sensitive to the
presence of damage than the other frequencies considered;
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few wave propagation paths can be used, which therefore implies that a lower number of
PZT may be used to monitor a joint;

the dynamic load would not affect the guided wave measurements and therefore the
approach appears to be robust against field loading conditions;

extreme care must be paid to the handling of the wiring connection and PZT conditions
to mitigate false positives.

environmental factors such as low-warm temperatures or dry-rain-snow conditions over
the chord and the sensors may alter significantly the values of the damage index ratios
considered in this study.

Chapter 8 described the results of the SHM algorithm applied to EMI data. It was found that:

the hardware/software system proposed here may replace the use of high cost impedance
analyzers or LCR meters which are conventionally used in the measurements of the
electromechanical impedance;

the method is less sensitive to the presence of damage growth when compared to the
performance of the UGW measurement;

the application of the outlier analysis greatly improves the sensitivity of the method,;

the position of the crack with respect to the EM transducers was very likely unfavorable,
which means that for a bulk structure like the truss, the location of the PZT to exploit the
EMI method must be carefully evaluated,

extreme care must be paid to the handling of the wiring connection and PZT conditions to
mitigate false positives.

Chapter 9 described the results of the field tests. It was found that:

the methodology is robust for field deployment;

temperature plays an important role in the quantitative measurement of the damage index
ratios;

raindrops may cause false positives.

10.3 RECOMMENDATIONS FOR FUTURE WORK

The following recommendations can be drawn based upon the work conducted during

year 1 study.
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1) Fatigue Analysis

Simulate the chain of events that would lead to the failure of more members allowing
for the determination of complete structure failure.

Instrument the structure with wind sensors (anemometers for instance) to determine
the wind loading scenario more accurately.

Extend the analysis to the uprights and the base in order to determine the condition of
the pole and the nearby members when the structure is subjected to fatigue loading.

Extend the analysis carried out in this study to other types of structures in order to
make an inclusive comparison among the fatigue lives of such structures.

2) Inspection/monitoring technology

Extend the field test over one year to include the widest possible temperature and
weather conditions

Develop robust signal processing able to discriminate the effect of ambient conditions
from damage conditions.

Carry out more tests to include structure’s elements of various waveguide geometries.

Increase the typology of damage against which GUW and EMI methodology is
proved.

Develop long term data collection, storage, and retrieval management.
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