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ABSTRACT

Because of their inherent flexibility and low damping ratios, cantilevered mast-arm
traffic signal structures are susceptible to wind-induced vibrations. These vibrations
cause structural stresses and strains to develop in a cyclical fashion which can lead
to reduced service life due to fatigue and, in extreme cases, full collapse.

In 2001, after the collapse of several of these structures throughout the United
States, American Association of State Highway and Transportation Officials (AASHTO)
code standards were updated to include fatigue provisions for traffic signal support-
ing structures. In New York State, there is particular concern regarding structures
spanning longer than 14 meters which currently do not meet these updated fatigue
provisions. To address this concern, a full-scale experiment was conducted using an
existing 25 meter mast-arm traffic signal structure, located in Malta, NY, in which
the response of the structure was observed in relation to in-situ wind conditions.

In previous studies, high-amplitude vertical vibrations of mast-arm traffic sig-
nal structures have been shown to be due to vortex shedding, a phenomenon in
which alternatingly shed, low-pressure vortices induce oscillating forces onto the
mast-arm causing a cross-wind response. When the frequency of vortices being shed
from the mast-arm corresponds to the natural frequency of the structure, a resonant
condition is created. The resonant condition causes the long-lasting, high-amplitude
vibrations which may lead to the fatigue failure of these structures.

Turbulence in the approach flow is known to affect the cohesiveness of vor-
tex shedding. Results from this full-scale experiment indicate that the surrounding
terrain conditions, which affect the turbulence intensity of the wind, greatly influ-
ence the likelihood of occurrence of long-lasting, high-amplitude vibrations and also

impact whether reduced service life due to fatigue is likely to be a concern.



CHAPTER 1
INTRODUCTION

1.1 Mast-Arm Traffic Signal Structures

Cantilevered mast-arm traffic signal structures, such as the one shown in Fig-
ure 1.1, are commonly used as supports for traffic signals throughout the United
States due to their practical and economic design. These structures consist of two
primary structural elements: the horizontal element (referred to as the ‘mast-arm’)
and the vertical element (referred to as the ‘vertical post’). These elements are typ-
ically made from galvanized steel with hollow circular or polygonal cross sections

and tapered diameters.

Figure 1.1: Cantilevered Mast-Arm Traffic Signal Structure [1]

The mast-arm and vertical post are connected via a ‘mast-arm connection
detail’” in which the mast-arm is welded at its end to a set of base plates which are

in turn bolted to the vertical post. A typical mast-arm connection detail is shown in



Figure 1.2. Mast-arm traffic signal structures are flexible with fundamental resonant
frequencies typically around 1 Hz and have extremely low damping ratios which are

often less than 1% of critical damping [2].

Figure 1.2: Mast-Arm Connection Detail

1.2 Research Problem Statement

Because of their inherent flexibility, mast-arm traffic signal structures are prone
to vibrations under wind loading. As a result of their low damping once these
vibrations are initiated, the structures typically undergo a large number of cycles
before the vibrations decay. Beyond simply being distracting to passing motorists,
these continued vibrations cause structural stresses and strains to occur in a cyclical
manner which can reduce the service life of the structure via fatigue.

In some cases, this fatigue can lead to a complete collapse of the mast-arm
traffic signal structure. Several such collapses have occurred in recent years including
over a dozen in the state of Missouri [3] as well as several others in Wyoming,
California, and Texas [4]. Case studies of these types of failures indicate that the
failures occurred primarily due to fatigue at the welded connection between the
mast-arm and the base plate [5]. The fatigue cracks at the welds were observed

to initiate on top of the arms which can be associated with the bending effect of



the mast-arms in the vertical plane. It is also important to note that the failures of
these structures do not occur during extreme-event wind conditions [6]. Instead, the
failures are due to fatigue crack growth due to the accumulation of damage caused
by the wind-induced vibrations.

The failure of several mast-arm structures prompted the inclusion of Section
11 - “Fatigue Design” into the 2001 and later editions of The American Association
of State Highway and Transportation Officials (AASHTO) Standard Specifications
for Structural Supports for Highway Signs, Luminaires, and Traffic Signals [7]. In
this provision, AASHTO requires fatigue design for infinite life in which fatigue
stresses must not exceed the allowable constant-amplitude fatigue threshold limits

for the structural detail in question.

1.3 Vortex Shedding

A commonly observed mechanism causing the large-amplitude vertical vibra-
tions of mast-arm traffic signal structures is called vortex shedding. Vortex shedding
occurs when flow across a bluff body causes low-pressure vortices with alternating
directions of rotation (and on opposite sides of the mast-arm) to be shed into the
body’s wake [8]. This alternating change in pressure distribution creates oscillating
forces on the body perpendicular to the direction of flow causing the body to vibrate
in a cross-flow response as illustrated in Figure 1.3. In the case of a mast-arm traffic
signal structure, normally horizontal wind flow perpendicular to the length of the
mast-arm causes vibration of the mast-arm in the vertical direction. Vortex shed-
ding occurs most coherently when the flow approaching the bluff body is uniform
with low turbulence. In contrast, turbulence in the approach flow (i.e variation
in wind velocity) results in variation in the shedding frequency even though the

strengths of the vortices are maintained [8].
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Figure 1.3: Idealized Vortex Shedding Illustration

This is due to the fact that the vortex shedding frequency (ng, rad/s) is directly
proportional to the mean wind speed (U) and inversely proportional to the width of
the bluff-body (diameter of the mast-arm) (b). The vortex shedding frequency can
be expressed as a non-dimensional parameter, the Strouhal number (St) which is
typically equal to 0.2 for circular shapes [8]. This expression is shown in Equation
1.1.

neb

St="% (1.1)

If the frequency at which the vortices are shed roughly corresponds to the
natural frequency of the structure, a resonant condition is reached and vibrations
with high amplitudes can occur. In some cases, the vibrations of the body itself may
enhance the strength of the vortices and may also alter the vortex shedding frequency
tending to couple it with the natural frequency of the structure and creating a

phenomenon known as ‘lock-in’ [8].

1.4 Previous Research
Previous studies have shown evidence of vortex shedding as the mechanism
responsible for large-amplitude vibrations of mast-arm traffic signal structures. Of

particular note are two studies conducted at Texas Tech University (TTU) [9, 10].



The first of these studies performed full scale experiments utilizing two out-
of-service cantilever mast-arm traffic signal structures which were tested at Reese
Technology Center Facilities of the Wind Sciences and Engineering Research Center
of TTU [9]. These structures had mast-arms with lengths equal to 18.3 m and 13.4
m. Each of the structures had signals with back plates mounted horizontally along
the mast-arm. Wind data was recorded by a sonic anemometer mounted above
each mast arm while vibrations at the tip of each mast-arm were recorded by video
cameras which tracked the motion of an infrared target.

Through this TTU experiment, it was observed that large amplitude vertical
vibrations of the mast-arms occurred, for the most part, at particular low wind
speed ranges (between 5 and 10 mph), and that as the wind speed increased above
that range, the amplitude of the vertical vibrations decreased. Having these large
vibrations over a specific wind speed range reflects the typical behavior of vibrations
induced by vortex shedding. In the TTU study, it was also observed that higher
amplitude vertical oscillations have a higher probability of occurring when the wind
speed is steady (i.e. has low turbulence).

As a follow up to this TTU study, a second study, conducted at the same
TTU facilities, investigated the wind-induced vibrations of mast-arm traffic signal
structures with a variety of mast-arm cross sections and signal cluster configurations
[10]. Three configurations were used which are listed as follows: mast-arm with a
circular cross section with signals mounted horizontally, mast-arm with a circular
cross section with signals mounted vertically, and mast-arm with a 16-sided cross-
section with signals mounted vertically. The full scale data collected from this
TTU study suggested that for all three systems, the large-amplitude vibrations

were induced by ‘lock-in’ vortex-shedding.



1.5 Research Objective

In New York State, previously designed and installed mast-arm traffic signal
structures longer than 14 m no longer meet the fatigue provisions of the updated
AASHTO code [1]. There is concern that these relatively new structures will not
provide long-term reliable and safe service. For this reason, the New York State
Department of Transportation (NYSDOT) commissioned Research Project No. C-
10-07, “Determining Remaining Fatigue Life of In-Situ Mast-Arm Traffic Signal
Supports”. This project is a collaborative effort between Rensselaer and NYSDOT

and has three primary goals:

e Conduct a thorough investigation (through a full-scale experiment) of the
response of a given, in-situ mast-arm traffic signal structure to actual, observed

wind conditions
e Indicate a projected ’safe life’ of this given structure

e Develop a general methodology that can be used to assess the remaining fa-
tigue life of cantilevered mast-arm traffic signal structures throughout New

York State

1.6 Report Outline

This final report documents the results obtained in relation to these larger
NYSDOT project goals.

Chapter 2 introduces an overview of the experimental setup and includes in-
formation about the structure under study. Chapter 3 provides the dynamic char-
acteristics of the structure which were estimated by a finite element model and
confirmed by free vibration tests. Chapter 4 summarizes the wind vs. mast-arm

response data obtained from the full-scale experiment, discusses the experimental



data and turbulence intensity and its effect on vortex shedding. Chapter 5 presents
a probability analysis of the wind data obtained through this experiment as well as
a comparison with historical data from a nearby National Weather Service station.
Chapter 6 presents three methods for estimating natural frequency of structures.

Chapter 7 presents the Miner’s rule for estimating fatigue life of the structure.



CHAPTER 2
EXPERIMENTAL SETUP

2.1 Experiment Introduction

In order to study of the effects of wind induced vibrations on mast-arm traffic
signal structures, a full scale experiment was performed on an in-situ cantilevered
traffic signal structure located in Malta, NY. To perform this experiment, sensors
were installed on the structure in order to monitor wind speed and wind direction
along with the corresponding vibrations of the mast-arm. The data obtained from
these sensors was recorded through an on-site data acquisition system and collected

during weekly site visits for analysis.

2.1.1 Site Information
The traffic signal structure used for the full scale experiments is shown in
Figure 2.1. The structure is located at the intersection of Eastline Road and State

Route 67 in Malta, NY in a suburban environment typical of Upstate New York.

Figure 2.1: Instrumented Traffic Signal Structure in Malta, NY



The mast-arm of this traffic signal structure spans across the shorter of the
two diagonals of the skewed intersection with the vertical post located at the north-
east corner of the intersection and the free end of the mast-arm extending to the

southwest corner as shown in Figure 2.2.
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Figure 2.2: Project Location Map [11]

2.1.2 Structure Geometry

The traffic signal structure studied has a cantilevered mast-arm spanning 25
m in length making it one of the longest in New York State. The mast-arm of this
structure has a tapered diameter ranging from 432 mm at its fixed end to 288 mm
at its free end. The vertical post for this structure is 5.8 m tall and has a tapered
diameter ranging from 457 mm at the base to 421 mm at the top. Full geometry
details for the traffic signal structure are outlined in a set of construction plans

provided by NYSDOT (Appendix A).



2.2 Instrumentation
2.2.1 Overview

Sensors, including one 3-component anemometer and two 3-component ac-
celerometers, were installed on the traffic signal structure to measure wind speed,
wind direction, and vibrations of the mast-arm. These sensors were connected to a
data logger which was stored in a weatherproof lock-box mounted to the structure.
The data logger, in combination with a field laptop, was used to collect and store
data from these sensors as individual 15-minute long time history files. An overall

layout of the instrumentation is shown in Figure 2.3.
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Figure 2.3: Instrumentation Layout and Sensor Orientations

2.2.2 Accelerometers

Two Wilcoxon Research Model 993A tri-axial accelerometers (Meggit Sensing
Systems) were used to measure the vibrations of the traffic signal structure. Both

accelerometers were placed on the mast-arm with one accelerometer (accelerometer
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1) located 120 cm from the free end of the mast-arm and the second (accelerometer 2)
located near the vertical pole (95 cm from the face of the end-plate). The Wilcoxon
accelerometers have a range of +/- 50 g, a sensitivity of 1.5 x 107* g, and are able
to record data at frequencies up to 2,000 Hz. The accelerometers were oriented such
that the x-axis corresponded with the horizontal motion along the length of the
mast-arm, the y-axis corresponded to the horizontal motion perpendicular to the
length of the mast-arm, and the z-axis corresponded to the vertical motion as shown
in Figure 2.3. The accelerometers were bolted to a mounting bracket provided by
NYSDOT which was in turn secured to the structure using a set of hose clamps as
shown in Figure 2.4. During installation, the accelerometers were aligned and leveled
in all three directions using a bubble level and an aligning stick. Multi-conductor,
shielded J9T4 cables were used to connect the accelerometers to P703BT tri-axial
power units and to the data logger. Power was supplied to these units by LA704B
line adapter power supplies. The shielded cables, power units, and power supplies

were all supplied by Meggit Sensing Systems.

Figure 2.4: Installed Accelerometer with Mounting Bracket

Shortly after its installation, the accelerometer located near the fixed end of

11



the mast-arm (accelerometer 2) malfunctioned. The purpose of this sensor was to
confirm that the structure vibrates in its fundamental mode. Instead, this was

confirmed visually and through spectral analysis of the response.

2.2.3 Anemometer

To capture wind data, a Model 81000 3-component Ultrasonic Anemometer
(R.M. Young Company) was used. This anemometer is able to detect instantaneous
wind velocity changes up to 40 m/s, has a sensitivity of 0.01 m/s, and is able to
record data at frequencies up to 32 Hz. The anemometer continuously records wind
velocities in three directions (u,v,w) and uses these to calculate wind speed, elevation
angle (wind direction with respect to the horizontal plane), and azimuth angle (wind
direction in horizontal plane with respect to project North). The anemometer was
attached to a 40 mm diameter galvanized aluminum pipe which was in turn attached
to the mast-arm close to the vertical pole using the same mounting bracket which

holds accelerometer 2 as shown in Figure 2.5.

Figure 2.5: Mounting Bracket 2

The anemometer sat 125 cm above the centerline of the mast-arm in order to

minimize turbulence caused by the mast-arm and surrounding electrical wires. This

12



positioned the anemometer 6.36 m from the ground. A photograph of the installed
anemometer is shown in Figure 2.6. It should be noted that the utility pole seen in
this photograph (located 3.0 m from the vertical post of the traffic signal structure
with a diameter of 35 cm) was not anticipated to cause significant interference in
acquiring wind data since it is not located in a prevailing wind direction with respect

to the anemometer.

Figure 2.6: Installed Anemometer

The anemometer was oriented so that the north direction was aligned per-
pendicular to the orientation of the mast-arm creating a Project-North which was
offset from True North by 33° as shown in Figure 2.3. An 8-conductor shielded cable
(Model 18660, R.M. Young Company) was used to connect the anemometer to the

data logger.
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2.2.4 Lock-Box and Power Supply

A weatherproof lock-box, mounted on the post of the traffic signal structure,
was supplied by NYSDOT and used to house the data acquisition system and power
supplies. A standard 110 Volt AC power outlet was available inside of the weather-
proof lock-box. To supply power to the various devices, a TRC Electronics RS-15-24
power supply was used. This power supply converted the 110 Volt AC power from
the outlet to the 24 Volt DC power required for the anemometer, the power channel
units for the accelerometers, and the data logger. Figure 2.7 shows the setup inside

the lock-box.

Field Laptop ~—_

Thermometer

Data Logger

RS 15-24
Power Supply

110 VAC

Accelerometer
Power Outlet

Power Channels

Figure 2.7: Lock Box Setup

14



2.2.5 Data Logger

The CAS (Computer Aided Solutions) ProfiMessage Data Logger with the
ADVT module was chosen as part of the data acquisition system for this project.
The ADVT module is an add on that allows the data logger to have 15 analog
ports. Using the data logger, 9 channels of data, along with a corresponding date
and time stamp, were collected at a rate of 23 Hz. These channels of data included
accelerations in the x,y, and z directions from each of the two accelerometers along
with wind speed, elevation angle, and azimuth angle from the anemometer. Prior
to the development of the system it was estimated that a sampling rate between 20
Hz and 25 Hz would be adequate to fully capture the motion of the mast-arm. The
data logger has discrete values for possible sampling rates with 23 Hz being the only

rate within the appropriate range.

2.2.6 Field Computer

The Dell semi-rugged Latitude E6430 ATG Laptop was used as the field com-
puter. This computer was chosen for its ability to safely operate within an extreme
range of temperatures (0 to 32 °C or 32 to 95 °F), an important consideration for the
Upstate New York climate. An indoor/outdoor thermometer was used to record the
high and low temperatures reached both inside and outside of the lock-box between
each site visit to ensure safe operating conditions were kept for the field computer.

The computer communicated with the data logger via an Ethernet cable.

2.2.7 Software

Both components of the data acquisition system (the data logger and the
field computer) used ProfiSignal software developed by Delphin Technology. The
software on the data logger was set to continuously record voltages collected by the

three sensors and convert these voltages to useful data in engineering units. The
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software on the computer was programmed to then save 15-minute increments of
this continuously recorded data into individual time history files which were saved

using the following naming convention:

RawDataY ###-M#-D#_h#-m#-s#.hds
Where:

Y+# = four digit year

e M+# = two digit month

o D# = two digit day

e h# = two digit hour (in 24-hour clock format, local time)
e m# = two digit minute

s# = two digit second

The parameters listed represent the date and time at the beginning of the

15-minute data increment.

2.3 Installation

The equipment installation took place on Thursday, May 17th, 2012 between
the hours of 10:00 AM and 3:00 PM. Donnelly Construction Inc. (Mechanicville,
NY) provided the traffic control during the equipment installation. A project spe-
cific Work Zone Traffic Control Plan (WZTCP) consistent with NYSDOT Standard
Sheet 619-61 was developed and approved by NYSDOT prior to the installation
date. During the installation, the two mounting brackets were secured onto the
mast-arm. Shielded electrical wiring was strung from each of the sensors to the

data logger located inside the lock-box. This wiring was secured to the mast-arm
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and the vertical post by 150 cm nylon cable ties. To access the mast-arm, a boom
lift, operated by a member of the research team, was used. Figure 2.8 shows a
photograph taken during the installation. Because of the restricted time in which
lane closures were allowed, the data logger and power supplies were installed and set
up in the lock-box concurrent with the installation of the sensors on the mast-arm.
After these two tasks were completed, the wiring from the sensors was connected to

the data logger and the final programming of the data logger took place.

Figure 2.8: Installation Photograph

After installation was complete, free vibration (excitation) tests were per-

formed. Further details concerning these tests are provided in Chapter 3.
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CHAPTER 3
DYNAMIC CHARACTERISTICS

3.1 Introduction

Prior to choosing the instrumentation plan for the full scale experiments, a
finite element computer model (FEM) was created in order to estimate the natu-
ral frequencies and mode shapes for the first and higher modes of the traffic signal
structure studied. This model was created using ABAQUS/CAE, a commercially
available software package used for finite element analysis. The natural frequency
results from the finite element model were compared with the experimentally mea-

sured natural frequencies obtained through free vibration tests or pluck tests’.

3.2 Finite Element Model
3.2.1 FEM Geometry

Dimensions of the traffic signal structure for use in the finite element model
were taken from construction plans provided by NYSDOT which are included in
Appendix A. Measurements of the structure were also taken during the installation
of the sensors and indicate that the structure was constructed in accordance with
the contract drawings. The finite element model of the structure consisted of six
individually created parts joined together using tied (no slip and no rotation) con-
ditions applied to the surfaces between connecting parts of the structure to create
one assembly. These six parts include two parts for the mast-arm (one for each side
of the existing slip joint connection), the vertical post, and three parts for the con-
nection detail between the mast-arm and the vertical post. These parts are shown

in an ‘exploded’ view in Figure 3.1. Details such as the taper of the mast-arm, the
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taper of the vertical post, the mast-arm connection details, and the mast-arm slip

joint detail were included in the model.

Mast Arm Q Pole Plates
B

L
‘Stability Piece’ g
/

Vertical Pole

Figure 3.1: FEM Components

3.2.2 Material Properties
Typical material properties for ASTM A572 Gr 65 steel, as specified on the
plans provided, were used and applied as solid homogeneous sections throughout

the model. These properties are summarized in Table 3.1.

Table 3.1: Material Properties

Material Property Value (English Unit) Value (SI unit)

Mass Density 490 1bs/ft? 7850 kg/m®
Young’s Modulus 29000 ksi 200 GPa
Poisson’s Ratio 0.25 0.25

3.2.3 Mesh Properties

General purpose three-dimensional linear hexahedral elements were used for
the model’s mesh. Specifically, type C3D8R elements were used each consisting of
8 nodes, 6 faces, and a single integration point located in the center of the element

as shown in Figure 3.2.
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Figure 3.2: C3D8R Element

A moderate number of 3156 nodes and 1649 elements were used in the model
to provide a balance between accuracy and computational cost. The elements used
for the mast-arm were sized such that the arm was sectioned into 50 segments along
its length (each with a length equal to 20 in ( or 0.5 meters)) and 8 segments around
its circumference. The connection detail between the mast-arm and the vertical post
was meshed with a higher nodal density to ensure an accurate calculation of stresses
and strains, as this region will experience the highest magnitude of stresses. The

resulting mesh is shown in Figure 3.3.

Figure 3.3: FEM Mesh
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3.2.4 Traffic Signals

Traffic signals were assumed to act as point masses and were added to the finite
element model as such. The locations of the traffic signals along the length of the
mast-arm were estimated from a combination of photographs and field measurements
since these dimensions were not given on the NYSDOT plans provided. The masses
of the traffic signals were estimated to be 27 kg for the single sets of signals [12]
and 54 kg for the multi-sets and were applied along the centerline of the mast-arm.
The estimated locations and masses of the traffic signals used for the finite element

model are summarized in Table 3.2.

Table 3.2: Applied Traffic Signals

Estimated Location Point Mass Applied

(measured from free end [Ibs]
of mast-arm) [ft]
26.2 59.5
39.4 119.0
44.3 99.5
55.8 119.0
59.0 599.5
67.3 119.0
73.8 29.5

3.2.5 Boundary Conditions

The NYSDOT plans indicated that the traffic signal structure is attached to
the foundation by four bolts which provide flexibility in each of the three Cartesian
directions by a combination of their tensile, flexural, and shear behavior. This
flexibility was modeled through the application of springs to the base of the FEM
structure. These springs had independent stiffness values which were specified for
the x, y, and z directions. Figure 3.4, shows a bolt detail for the structure, which
consists of a portion of the bolt embedded in concrete (Ls), and a portion of the

bolt above the surface of the concrete pad (Ly).
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Figure 3.4: Structural Bolt Detail

3.2.5.1 Longitudinal Bolt Stiffness
The longitudinal stiffness of the bolts (stiffness in the vertical direction) is
due to tensile behavior and can be expressed by Equation 3.1 where E is Young’s

modulus, A is the cross-sectional area of the bolt, and L, is the effective length.

P EA

kA L.

(3.1)

To estimate the effective length of the anchor bolt, a constant-friction condition
was assumed for the portion of the bolt embedded in concrete in which the axial
force in the anchor bolt is zero at the end and the full maximum value at the top.
(Figure 3.5).

Integrating the linearly varying strain along the length of the anchor bolt gives
the displacement at the top of the bolt. From this integration, it can be shown that
the resulting displacement is equivalent to that of an anchor bolt with a constant
maximum force (P) applied over half the anchor bolt. The displacement expression

can then be written as the displacement resulting from a constant maximum force
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Figure 3.5: Constant Frictional Force Along Bolt with Corresponding
Linearly Varying Force Profile

(Lmazl) hut with an effective length, L, equal to Ly/2. The integration is shown in
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equations 3.2 to 3.7 below.
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Since the effective length resulting from this derivation (Equation 3.7) corre-
sponded only to the portion of the bolt embedded in the concrete, L; was also added

resulting in the final effective length expression shown in Equation 3.8.

L
L.=1L, + 72 (3.8)

To calculate the longitudinal bolt stiffness, Equation 3.8 was substituted into
the stiffness formula shown in Equation 3.1. The parameters used for the calculation
along with the resulting longitudinal bolt stiffnesses used in the FEM are listed below
in Table 3.3.

Table 3.3: Longitudinal Bolt Stiffness Parameters

Property Value
Young’s Modulus, E 29000 ksi
Cross Sectional Area, A 3.95 in?
L, 4.7 in
Lo 36 in
Effective Length, L, 41 in
Stiffness, k. 3.36 x 107 1b/ft

3.2.5.2 Transverse Bolt Stiffness

The transverse stiffnesses of the base fixity (stiffnesses in both of the lateral
directions) is due to a combination of flexural and shear behavior of the bolts and
can be expressed by Equation 3.13. In this equation E is Young’s modulus, G is
the Shear Modulus, A is the cross-sectional area of the bolt, and L, is the effective
length. This expression can be derived from the equilibrium equation shown in
Equation 3.9, the constitutive relations shown in Equations 3.10 [13] and 3.11 [14],

and the stiffness equation shown in Equation 3.12.

A= Aflew + Ashear (39)
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(3.11)

(3.12)

(3.13)

Figure 3.6 shows the bolt detail for this structure, along with a stress profile

for the portion of the bolt embedded in the concrete that resists a horizontal load.

For the purposes of this investigation, it was estimated that Ly was approximately

equal to twice Lj. The resulting effective length is listed in Table 3.4 below along

with a summary of the parameters used in the calculation of the lateral stiffness of

the bolts. The resulting stiffness, also listed in Table 3.4, was applied to each of the

four bolts in both the x and y-directions.

Table 3.4: Lateral Bolt Stiffness Parameters

Property Value
Young’s Modulus, E 29000 ksi
Shear Modulus, G 11500 ksi
Cross Sectional Area, A 3.95 in?

Ly 4.7 in

L2 9.4 in

Effective Length, L, 14.1 in

Stiffness, k,, k,

1.7 x 10 Ib/ft
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Figure 3.6: Bolt Detail with Stress Profile for Lateral Displacement

3.3 FEM Results

3.3.1 Natural Frequencies

Once created, the finite element model was analyzed with an Eigensolver built
into ABAQUS to determine the natural frequencies and mode shapes of the struc-
ture. Through this analysis, it was calculated that the traffic signal structure would
have a fundamental natural frequency of 0.51 Hz for vibration in both the vertical
direction and the horizontal direction. These fundamental frequencies, along with
natural frequencies corresponding to higher modes of vibration, are summarized in
Table 3.5.

Table 3.5: FEM Natural Frequencies

Mode Vibration Direction Natural Frequency, f,, [Hz|

18 Vertical 0.51
18t Horizontal 0.51
nd Vertical 2.1
ond Horizontal 2.3
3rd Vertical 3.6
3rd Horizontal 4.1
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In order to validate the results from the FEM during the initial stages of
the project (before field tests), hand calculations were performed to estimate the
natural frequency of the mast-arm of the structure. The results from these hand
calculations were compared to a FEM of the mast-arm alone. The method used
for these hand calculations, along with a comparison with the FEM result for the

mast-arm’s natural frequency, is detailed in Appendix B.

3.3.2 Mode Shapes
Following the natural frequency calculations, corresponding mode shapes were
plotted for visualization purposes. The fundamental mode shapes for vibrations in

both the vertical and horizontal directions are shown in Figures 3.7 and 3.8.

U, Magnitude
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Figure 3.7: "Fundamental Mode of Vibration - Vertical Direction

Step: Step-1
Mode  2:Value= 10352 Freq= 0.51207 (cyclesttime)
Primary Var: U, Magnitude

X Deformed Var: U Deformation Scale Factor: +2.6e+00

Additionally, higher mode shapes were produced through the finite element

analysis. Several of these higher mode shapes are included in Appendix C.
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Fifuremg'iﬂge?m undamental Mode of Vibration - Horizontal Direction
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Primary Var: U, Magnitude

X Deformed Var: U Deformation Scale Factor: +2.6+00

3.4j Free Vibration Tests
3.4.1 Method

Directly following the installation of the sensors and the data acquisition sys-
tem, free vibration tests (‘pluck tests’) were performed in order to experimentally
determine the natural frequencies and damping ratios of the traffic signal structure
in both the horizontal (y) and vertical (z) directions. To conduct these tests, the tip
of the mast-arm was accessed via a boom lift and the structure was excited into a
resonant response before being released into free vibration. During this free vibra-
tion phase, the accelerations at the tip of the mast-arm were recorded through the
data acquisition system, immediately viewed on site, and saved for further analysis.
A free vibration test was repeated twice for each direction at which point it was
determined that the data collected was consistent and that no additional tests were

necessary.

3.4.2 Natural Frequencies

The data collected from the free vibration tests was used to plot Fourier am-

plitude spectra in order to determine the fundamental natural frequency of the
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structure in the horizontal and vertical directions. In the case of free vibration,
the first peak seen on a Fourier amplitude spectrum indicates the natural frequency
of the system. The pluck test results indicated that the structure has a natural
frequency of 0.49 Hz in the horizontal (y) direction and 0.52 Hz in the vertical (z)
direction. The acceleration time history response and corresponding Fourier ampli-
tude spectrum for one free vibration test in the z-direction are shown in Figures 3.9
and 3.10 below. Additional plots are provided for the remaining free vibration tests

in Appendix C.

Acceleration Time History: Z-Direction — Test 2
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Figure 3.9: Pluck Test (Z-Direction, Test 2): Acceleration Time History

3.4.3 Damping Ratios

The damping ratios of the structure for vibration in each direction were cal-
culated using the acceleration time history data from the free vibration tests and

the logarithmic decrement method shown in Equation 3.14.
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Figure 3.10: Pluck Test (Z-Direction, Test 2): Fourier Amplitude Spec-
trum

In(ii; /iy ;)

&= 2jn (3.14)

In this equation, i; and 1,4, are the accelerations at two given peaks in the
acceleration time history and j is the number of cycles between the two peaks. To
avoid experimental error, numerous peaks were used for the damping ratio calcu-
lations. The damping ratio of any given structure is dependent on the structure’s
amplitude of vibration. This is because at different vibration amplitudes, different
mechanisms for dissipating energy are engaged. For this structure, high amplitude
vibrations were defined as those having a magnitude above 0.10 g for the z-direction
and 0.05 g for the y-direction.

Table 3.6 summarizes the damping ratios obtained from the free vibration

tests. Figure 3.11 shows the decay envelope obtained from the calculated damping
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ratios for the z-direction overlaid on the acceleration time history response for a
free vibration test in the z-direction. In addition, Figure 3.12 shows simultaneous
vibrations in the y and z-directions during a pluck test in the z-direction. The small
amplitude of the vibrations in the y-direction can mostly be attributed to noise from
the accelerometer indicating that there was no energy transfer to other vibrational
modes during the pluck test and that the decay of the vibrations in the z-direction
was solely due to damping.

Determining accurate damping ratios is relatively difficult to do with experi-
mental data, resulting in data that varied from test to test. However, the important
conclusion was reached that this structure has very little damping. During the
free vibrations tests, the structure oscillated for upwards of 10 minutes before the

vibrations were dissipated.

Acceleration Time History
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Figure 3.11: Pluck Test (Z-direction, Test 2): Overlaid Decay Envelope
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Figure 3.12: Pluck Test (Z-direction, Test 2): Y and Z Accelerations

Table 3.6: Damping Ratios

Test High Amplitude Low Amplitude
71 0.22% 0.18%
72 0.33% 0.16%
Z Average 0.28% 0.17%
Y1 0.51% 0.54%
Y2 0.72% 0.42%
Y Average 0.62% 0.48%

3.5 Comparison of Results

Table 3.7 provides a comparison of the natural frequencies calculated from
the finite element model to those determined experimentally from the free vibration
tests. As shown in this table, there is reasonable agreement between the two fun-
damental frequency values for each direction with errors less than 5%. It should be
noted, however, that if an assumption of fully fixed boundary conditions is made,
rather than considering foundational flexibility due to the anchor bolts, the natu-

ral frequencies in both directions are overestimated by the FEM with an especially
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unacceptable error (32.0%) for the y-direction.

Table 3.7: Natural Frequency Comparison

Vertical Horizontal
(Z-direction) (Y-direction)
Free Vibration Tests 0.53 Hz 0.50 Hz
FEM: Semi-Rigid BC 0.51 Hz 0.51 Hz
Percent Error 3.8% 2.0%
FEM: Fully Fixed BC 0.55 Hz 0.66 Hz
Percent Error 7.8% 32.0%

3.6 Estimated Critical Wind Speed

When vortex shedding is observed as the mechanism responsible for large am-
plitude vibrations of the mast-arm in the vertical direction, the largest of these vi-
brations occur due to a resonant condition at which the vortex shedding frequency is
equal to the natural frequency of the structure. Results from the free vibration tests
were used along with the vortex shedding expression (Equation 3.15) to estimate
a critical wind speed at which resonance was most likely to occur. The Strouhal
number (St) was taken to be 0.2, a typical value for circular shapes [8]. Since the
mast-arm of the structure of study is tapered, an average diameter of 14.2 in (or

0.360 m) was used for the width of the bluff-body (b).

ns = StTU (3.15)

The resulting estimated critical wind speed corresponding to resonance for this

particular structure (U) was 13.2 mph (or 5.9 m/s).
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CHAPTER 4
WIND AND VIBRATION DATA

4.1 Introduction

A full scale investigation of wind-induced vibrations of mast-arm traffic signal
structures was undertaken using a signal structure located in Malta, NY (Figure 4.1).
The cantilevered mast-arm of this structure extends 82 feet (25 meters) making it
one of the longest in NY state. This chapter presents analysis of the wind and
vibration data obtained from this investigation. The data used in this chapter was
collected between June 5th, 2012 and August 22nd, 2013. Hence it represents over

a full year of vibration data

Figure 4.1: Instrumented Traffic Signal Structure in Malta, NY

4.2 Methodology

Wind data was collected through an on-site anemometer which continuously
measures wind speed and wind direction at a rate of 23 Hz. The corresponding

vibrations of the mast-arm, also collected at sampling rate of 23 Hz, are measured
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through an accelerometer (Accelerometer 1, Figure 4.2) located near the free end
of the mast-arm. Accelerometer 2 (shown in Figure 4.2) malfunctioned, and has
not been used for analysis. Additional information regarding the instrumentation
setup and the data acquisition process is included in the Chapter 2, however, as a
quick reference, Figure 4.2 is included below to show schematics of the layout and

orientations of the instrumentation

— 4+=——120cm 95 cm —— f—m—

r— | 1
% 1.25m
Acclerometer 1

Accelerometer 2 ©

S51m
Lockbox —
——r
f 25 m
True North Project North
EEy N
Js7
X Z (out of page)
| A |
Accelerometer Anmemometer
Orientation Orientation

Figure 4.2: Instrumentation Layout and Sensor Orientations

Data from the sensors is collected into individual 15-minute time history files
which are stored on a laptop located in the lockbox and are downloaded during
weekly site visits. For analysis, the raw time history data were divided into 60-
second increments for which incremental summary statistics were calculated. These
summary statistics included RMS (root mean square) accelerations for the two pri-
mary directions of vibration (y and z), average wind speed (arithmetic mean over 60
seconds), average wind elevation angle (arithmetic mean over 60 seconds), average

wind direction (circular average over 60 seconds), and turbulence intensity.
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Note that the 60 second averaging interval allows for a better direct comparison
with the results from similar experiments conducted at Texas Tech University [9, 10].
Turbulence intensity was included as a summary statistic, and is defined as
the ratio of the standard deviation of the wind speed to its mean value as expressed

in Equation 4.1 below [3].

=2 (4.1)

where o, is the standard deviation of the wind speed and U is the mean wind
speed over 60 seconds.

Turbulence in the approach flow tends to make the shedding of vortices less
coherent and any particular critical wind speed less sustained, with the level of tur-
bulence directly influencing the likelihood of long-lasting, high-amplitude vibrations
potentially capable of causing fatigue damage.

Several quality assurance measures have been undertaken in order to ensure
that uncontaminated data is used for analysis. These measures include removing
data that is below thresholds of interest, performing baseline corrections, and re-
moving erroneous spikes and stalled /zero readings in the time history records. These

measures are outlined as follows

4.2.1 Applying Baseline Correction

The acceleration records showed oscillations about a non-zero horizontal axis
which was likely due to the accelerometer not being perfectly level in the field. To
correct this problem, baseline corrections were applied to the acceleration records
through the use of high-pass filters. High-pass filters attenuate low frequency com-
ponents of the acceleration signal while preserving any high-frequency components.

An example comparison between an uncorrected and corrected acceleration time

36



history record is shown in Figure 4.3.
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Figure 4.3: Acceleration Baseline Correction

4.2.2 Removing Below Threshold Data

With the exception of analysis involving probability distributions (such as the
wind data analysis presented in Chapter 5) in which all data was considered, low
wind speeds which resulted in negligible accelerations of the mast-arm were below
thresholds of interest for this investigation. For this reason, 15-minute data files
which did not contain any 30-second increments with an average wind speed greater
than 3.0 m/s were removed from the dataset. Considering 30-second incremental
wind speeds (instead of 15-minute average wind speeds) ensured that small time pe-
riods of noteworthy data were not lost even though longer term (15-minute) average
values were relatively small. Approximately 70 percent of the 15-minute data files
were removed from the data set in this manner which vastly decreased the required

computational time.
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4.2.3 Removing Erroneous Acceleration Values (Spikes and Zeros)

Due to the nature of the electronics within accelerometers, occasionally large
erroneous spikes were seen in the accelerations time history files. To ensure that
uncontaminated data was used for analysis, incremental summary statistics for 60-
second data segments which contained these spikes were removed from the data
set. Acceleration records were searched for such spikes by locating 60-second data
segments which contained any accelerations greater than 4 times the RMS acceler-
ation for that segment. As an example, for the time history record shown in Figure
4.4, this method removed the data between 690 and 720 seconds because of the

acceleration spike seen just before the 700 second mark.

Date: 2012-06-05, Time:13-45

0.1r
S 0.05f
©
(8]
g Oﬂmwmm%
S -0.05F
_0.1 1 1 1 1 1 1 1 J
0 100 200 300 400 500 600 700 800

Time
Figure 4.4: Acceleration Time History Showing Erroneous Readings

An additional quality assurance step was taken to remove any time segments
during which the system ‘froze’ while recording data. An example of this is seen
during the last 30-seconds of the time history shown in 4.4. These segments were
isolated by identifying erroneous zero measurements for accelerations.

After filtering out these contaminated portions of the acceleration data (in-
cluding the erroneous spikes and zero values), RMS accelerations (for 60 second time
increments) corresponding to vertical vibrations (z-direction, cross-wind response)

and horizontal vibrations (y-direction, along-wind response) of the mast-arm were
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plotted against 60 second average wind speeds. For comparison, Figures 4.5 and 4.7
show raw data plots for vertical and horizontal vibrations while Figures 4.6 and 4.8
contain the filtered quality assured data. It should also be noted that all four of

these graphs include baseline corrections for the acceleration data.
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Figure 4.5: Vertical Response vs. Wind Speed - Raw Data

4.3 Results

Figure 4.9 shows an example of a 15-minute time history file which contains
the vertical and horizontal accelerations at the tip of the mast-arm (top and second
plots respectively), the wind speed (third plot), and the wind direction or azimuth
angle (bottom plot). Between the 600 and 700 second mark in this time history file,
critical wind conditions for vortex shedding were reached (wind speed approximately
equal to 6 m/s and angle of attack approximately 360° or perpendicular to the mast

arm), and correspondingly, a burst of relatively higher vertical accelerations was
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Figure 4.6: Vertical Response vs. Wind Speed - Filtered Data
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Figure 4.7: Horizontal Response vs. Wind Speed - Raw Data
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Figure 4.8: Horizontal Response vs. Wind Speed - Filtered Data
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Figure 4.9: Time History Response
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observed consistent with a vortex shedding phenomenon. In Figure 4.9, the large
vibrations begin near the 630 second mark when the wind speed first approaches
the critical wind speed. The response built up for roughly 30 seconds as the wind
velocity remained approximately constant but began to ring-down at 660 seconds
when the wind speed dropped below the critical velocity

The response of the mast arm is a combined function of parameters including
wind speed and wind direction rather than just the scalar wind speed. RMS vertical
and horizontal accelerations were plotted against 60-second mean perpendicular
wind speeds, i.e. the component of the wind acting perpendicular to the length of

the mast-arm as shown in Figures 4.10 and 4.11.
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Figure 4.10: Vertical Response vs. Perpendicular Wind Speed - Filtered
Data

As one would expect, since the perpendicular wind speed is less than or equal
to the scalar wind speed, the RMS acceleration for a given scalar wind speed (Figure

4.6 & 4.8) are less than for a given perpendicular wind speed (Figures 4.10 & 4.11).
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Figure 4.11: Horizontal Response vs. Perpendicular Wind Speed - Fil-
tered Data

Finally note that there is a significant amount of scatter in Figure 4.6 through 4.11.
That is, there is a comparatively large amount of variation in the RMS acceleration
for a given 60 second average scalar wind speed (Figure 4.6 & 4.8) or a given per-
pendicular wind speed (Figures 4.10 & 4.11). This is due to the low damping in the
signal support system and the high turbulence in the wind flow. This is illustrated
by the response history in Figure 4.9 . As noted above there is a ring down period
of relatively high mast arm response beginning at roughly 660 seconds in the record.
Due to the low structural damping (damping ratio of roughly 0.2% for vertical mo-
tion and 0.55% for horizontal motion) the ring-down period last about 140 seconds
(from 660 seconds to 800 seconds). Hence the mast arm response is higher than one

would expect for the comparatively low wind speed during the ring down period.
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4.4 Discussion
4.4.1 Vortex Shedding

The results obtained from the full-scale investigation show a general relation-
ship between the response of the structure and wind speed. In addition, isolated
instances of vortex shedding responses of the mast arm were observed (e.g. between
roughly 630 and 660 seconds in Figure 4.9). Lacking from these results, however,
were a large number of significant high amplitude vibrations at a sustained wind
velocity of 13.2 mph, the estimated critical wind speed corresponding to resonance
through a vortex shedding phenomenon. That is, significantly higher vibration am-
plitudes would have been observed if the wind velocity was sustained, for example,
after the 660 second mark in Figure 4.9.

In addition, time history plots of the vertical vs. horizontal response at the
tip of the mast-arm during estimated critical wind conditions showed a near circular
motion rather than a response primarily in the vertical direction typical of vortex
shedding induced vibrations. Figure 4.12 shows a 15-minute time history response
which was observed during estimated critical wind speeds.

The absence of sustained high amplitude vibrations and the observation of
bidirectional motion during estimated critical wind speeds indicate that although it
is still likely that vortices were being shed from the mast-arm, the wind speed or
direction changed before full resonance response could be achieved. Note that the
number of cycles of motion at the critical velocity needed to reach 95% of the full
resonance response is 240 cycles for a damping ratio of 0.2 %. For a structure with
a natural frequency of 0.50 Hz, 240 cycles corresponds to two minutes of sustained
wind speed. Recall that there were only 30 seconds of sustained wind speed for
the recored in Figure 4.9. This differs considerably from the results obtained at

Texas Tech University (TTU) in which significant long-lasting large vibrations at
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Figure 4.12: Vertical vs. Horizontal Response at Tip of Mast-Arm

certain wind speed and direction ranges, reflecting typical vortex shedding induced

behavior, were observed [9, 10].

4.4.2 Terrain

A likely reason for the differences seen between this investigation and the tests
conducted at TTU is due to the differences in terrain which surround the field sites.
These differences in terrain are shown via a set of aerial images of the experimental
sites in Figures 4.13 and 4.14.

At the experimental site in Malta, NY, the site conditions are classified by
Exposure Category B which is characterized as “urban and suburban areas, wooded
areas, or other terrain with numerous closely spaced obstructions having the size of
single-family dwellings or larger” [16]. At the TTU experiment site, the surrounding
terrain are classified as Exposure Category C which is described as “open terrain

with scattered obstructions having heights generally less than 30 ft including flat
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Figure 4.13: Terrain Surrounding Malta, NY Structure [11]

4.4.3 Turbulence Intensity

The amount of surface roughness, which is characterized by the ASCE Ex-
posure Category, influences the turbulence intensity of the wind given in Equation
4.1[8].

The ASCE 7-10 Load Standard [16] includes a direct relationship between the
turbulence intensity and the surrounding terrain through an exposure category pa-
rameter (c¢). This formula, shown in Equation 4.2, also corrects for height differences
between the equivalent height of the structure z (ft) and the standard 33 ft (10 m)

height.

L=c <§) v (4.2)



Figure 4.14: Terrain Surrounding Tests at TTU [17]

The turbulence intensities observed at the full-scale experiment site in Malta,
NY are shown in Figure 4.15, a probability distribution plot of observed turbulence
intensities based on 60-second values. The majority of the turbulence intensities for
this project ranged from 0.1 to 0.4 (10 to 40%) with the average turbulence intensity
equal to 0.32. This average turbulence intensity matches the expected turbulence
intensity from ASCE 7-10 for Exposure Category B at a height of 21 ft (6.4 m) using
the ASCE 7-10 specified exposure category parameter (c) equal to 0.3 for Exposure
Category B.

In contrast to the high turbulence intensity values observed in Malta, NY,
much lower turbulence intensities were seen in the experiments conducted at TTU.
The majority of the turbulence intensities fell in the 0 to 0.1 (0 to 10%) range [18].
In addition, results from TTU showed that the high amplitude vibrations occurred

during low turbulent wind conditions with the highest of these vibrations occurring
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at a turbulence intensity around 7% [10]. These low turbulent conditions were rarely
observed in the Malta, NY study as indicated in Figure 4.15.

Because turbulence in the approach flow tends to make the shedding of vortices
less coherent, the high turbulence wind observed in this full-scale experiment is likely
the reason why high-amplitude vertical vibrations, which typically reflect a vortex
shedding behavior, were not observed. Hence without this full resonant response,

the structure is unlikely to experience prolonged high-amplitude vibrations.
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Figure 4.15: Observed Turbulence Intensity Distribution at Malta, NY

4.5 Conclusion

Wind and vibration data from the full scale experiment was collected over an
14 month period during which a general relationship was observed between the wind
speed component acting perpendicular to the mast-arm and vibrations in both the

vertical and horizontal directions. Occasionally, moderately large amplitude vertical
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vibrations associated with a vortex shedding phenomenon were observed, however,
sustained critical wind velocities leading to full structural resonance were not ob-
served. When comparing the results obtained by this full-scale experiment to the
results obtained from similar experiments at Texas Tech University (TTU), which
do show sustained vortex shedding behavior , it was observed that there were signifi-
cant differences in the turbulence intensities observed at the two project sites. These
turbulence intensity differences were caused by distinctly different surrounding site

conditions as categorized by the ASCE 7-10 Exposure Categories.
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CHAPTER 5
WIND DATA ANALYSIS

5.1 Introduction

A component of the investigation of wind-induced vibrations of mast-arm traf-
fic signal structures is the analysis of historical data to determine mean wind speed
climatology for New York State. Data was obtained from the National Climatic
Data Center (NCDC) for 8 first order National Weather Service (NWS) stations.
In addition, similar wind data analysis was performed for project specific wind
data gathered from the full scale experiment site in Malta, NY (See Chapter 2 and
Chapter 4). This chapter presents the results obtained through these analyses and
compares project specific wind data and historical wind data for Albany, NY, the

first order weather station nearest to the experimental site

5.2 Wind Rose Definition

For both the project specific and NCDC wind data, directional analysis was
undertaken and presented in the form of wind roses which shows the probability
(displayed on the radial axis) that the wind blows from a particular direction (as
indicated by the circumferential axis) exceeding a particular speed (as indicated by
the color band and legend). A circular wind rose would indicate that wind with
a particular velocity is equally likely to come from any direction. In contrast, for
sties with dominant wind directions, the wind rose becomes increasingly non-circular
pointing towards these prevailing directions.

A wind rose (having a directional component in comparison to a traditional

probability distribution function which includes only wind speed data), is particu-
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larly important for this study due to the fact that higher amplitude vibrations of
the mast-arm occur when the angle of attack of the wind is near perpendicular to
the mast-arm. In contrast, wind parallel to the arm results in relatively smaller

vibrations

5.3 Historical Data
5.3.1 Site Locations

To complete the historical wind data analysis, 8 locations, having (NWS) first
order stations were chosen. These airport sites are located in or near New York
State and are shown on a location map in Figure 5.1. Details about these locations
including the airport station names, coordinates, elevations, and the data periods

are provided in Table 5.1 Because all of the chosen stations are located at airports,

Rhode Island

Figure 5.1: Location Map: Sites Used for Wind Analysis

the surrounding areas are reasonably well exposed, providing reliable consistent
standardized data. For analysis, mean hourly wind speeds were collected for each

location from the NCDC website database which can be located at the following
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URL: http://www.ncdc.noaa .gov/oa/climate/isd/index.php. The 'mean hourly’
wind speeds located in this database are recorded as 2-minute means at the top of

each hour. When necessary, conversion from knots to m/s was undertaken (1 kt =

0.5144 m/s).
Table 5.1: Airport Site Information
Location Airport Station Lat. Long.  Elevation|ft] Data period
Start End
Albany, NY Albany County 42.743  -73.809 292 1/1/1973 2/31/2010
Binghamton, NY Greater Binghamton 42.207  -75.98 1638 1/1/1973 7/1/2012
Buffalo, NY Buffalo Niagara Intt 42.941  -78.736 705 5/18/1977 7/6/2012
Dutchess Co. NY Dutchess County 41.627 -73.884 162 1/1/1973 7/6/2012
Hartford, CT Bradley Intl 41.938 -72.683 179 1/1/1973 12/31/2010
Long Island, NY  Long Island MacArthur  40.794 -73.102 99 1/1/1973 7/31/2012
Portland, ME Portland Intl 43.65 -70.3 63 1/1/1973 12/31/2010
Syracuse, NY Syracuse Hancock Intl ~ 43.111  -76.104 417 5/28/1968 7/6/2012

5.3.2 Data Validation

During the observation period, anemometer heights changed, especially after
the introduction of ASOS (Automated Surface Observing System) in the 1990s.
ASOS introduced a new system with more consistent observing practices, coding,
and reporting standards for surface weather observations [20]. Table 5.2 records

the anemometer height changes for each location. To account for these changes in

Table 5.2: Anemometer Height Changes

Location Since Anemometer Since Anemometer
height [ft] height [ft]
Albany, NY  01/08/1963 20 08,/01/1995 32.8
Binghamton, NY ~ 01/21/1958 22 11/01/1995 26
Buffalo, NY 05/18/1977 33 12/01/1995 32.8
Dutchess Co. NY 11/16/1976 20 09/27/2000 26
Hartford, CT 08/15/1979 33 04/01/1996 32.8
Long Island, NY  12/15/1964 20 08/01/1999 26
Portland, ME 05/28/1963 21 11/01/1993 32.8
Syracuse, NY 10/06/1964 20 08/01/1994 26

anemometer heights, all data was converted to standard 33 ft (10 m) height using

52



the ASCE 7-10 power law shown in Equation 5.1.

V. z @

Vi (33) (5.1)

In this equation, z is the height of the anemometer [ft] and & is a power law exponent
based on exposure category. For exposure C (airports), this constant is equal to
1/6.5 (= 0.154).

Only ASOS data has been used in analyzing mean wind speed climatology
because of the consistent approach to data recording afforded by the automated

technology.(i.e for Albany from 08/01/1995 to 12/31/2010).

5.3.3 Methodology and Historical Wind Roses

Using the mean-hourly wind speeds downloaded from the NCDC database, a
cumulative frequency distribution matrix was created for each location wherein each
matrix cell indicates the frequency of a wind speed being exceeded from a certain
direction within the data set. As one might expect, for a given wind direction the
probability is a decreasing function of wind speed. A portion of a matrix for Albany
NY is shown in Figure 5.2 below. The values in this matrix were then plotted

radially to create the wind rose The resulting wind rose for Albany, NY is shown

Wind Speed

*1m/s *>2m/s *3m/s >4 m/s *5m/s *6m/s

1] 0.0416 0.0381 0.0245 0.0132 0.0064 0.0039

= 10 0.0308 0.0281 0.0198 0.0123 0.0069 0.0044

g 20 0.0236 0.0214 0.0153 0.0099 0.0052 0.003

E 30 0.0143 0.0124 0.0079 0.0047 0.0025 0.0016

'5 40 0.0115 0.0098 0.0053 0.0026 0.0012 0.0006
-] 50 0.0079 0.0064 0.003 0.0015 0.0007 0.0003 mw

= &0 0.0068 0.0052 0.0021 0.0008 0.0003 0.0001

g 70 0.0053 0.0039 0.0014 0.0005 0.0002 0.0001

80 0.0043 0.0028 0.0007 0.0003 0.0001 0.0001

[0 0.0049 0.0035 0.001 0.0004 0.0001 0.0001

Figure 5.2: Cumulative Probability Distribution Matrix Example
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in Figure 5.3, while wind roses for all locations are located in Appendix D. For
Albany, NY, the strongest, most frequent winds come from the south (170°), the
northwest (290°), and, to a lesser extent, the north (10°). Wind speeds are plotted

in m/s (Im/s = 2.24mph)

m>1m/s
m>2m/s
m>3m/s
m>4m/s

m>5m/s

m>6m/s
m>7m/s
m>8m/s

>9m/s

W >10 m/s

Figure 5.3: Observed Wind Rose for Albany, NY using Historical NCDC
Data

5.3.4 Fitted Probability Distributions

The observed cumulative frequency distributions were fitted with probability
distribution functions in order to advance the analysis.

Best-fit distributions for all directions were established using the inverse CDF
method. Among methods for finding best-fit probability distributions, the inverse
Cumulative Distribution Function (CDF) method [21] was selected because it is eas-
ily programmed and provides a simple, graphical technique that can be generalized

for any distribution form without the need for specific types of plotting papers.
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Figure 5.4 shows that the best-fit distribution for all directions at Albany is a

Weibull distribution as this distribution is closest to the 1:1 reference line.

Albany best-fit Invert CDF method

T T T T T * 'I T
161 Reference line ' . i
Z Normal '
- 4 Lognormal ' g
= 145 +  Typel . 8
= = WeiBull . ja
o
S 12t a® 1
oy .'
£ .6'
E 10t [ ] .
= 'L
3 "i
= 8 | n
-
w
=
S 6f 1
=
2z
a
E 4r .
(=]
(5]
2 - -
U | 1 | | 1 1 |
0 2 4 6 g 10 12 14 16

Actural Dataset hourly wind speed (m/s)

Figure 5.4: Best-Fit Distributions for Albany, NY (All

cluded)

directions in-

Best-fit probability distributions were also obtained for each 10° direction band

(i.e. 10°, 20°,... 360°). The results from this analysis for the Albany, NY station

are shown in the Table 5.3 where WB, TPI and Log indicate Weibull, Type 1

and Lognormal respectively. Through this analysis, it is shown that the best-fit

distribution type differs for each direction. However, in order to use a consistent

model the Weibull distribution was selected when modeling all of the wind speed

directional distributions. When considering all directions, the Weibull distribution

formula is shown in Equation 5.2. In Equation 5.2, A equal to 1 - the percentage of
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calms (zero wind speed), while k and ¢ are Weibull distribution parameters.

When considering specific wind directions, the following relation applies:

P(V > V) = A xexp[-(Vy/e))

P(V > V5,0) = A(9) x exp [=(Vo/e(6))] "

where: A(#) is the probability of wind in the 6 direction sector

(5.2)

(5.3)

(>-A(0)= A) while k(0), c(0) are the Weibull distribution parameters in the 6

direction sector.

Table 5.3: Best-fit distribution parameters for each direction

Direction Best-fit Weibull Parameters  Direction Best-fit Weibull Parameters
(o) Distribution  A(¢) c(6)  k(0) (o) Distribution  A(0) c¢(8) k(0)
All WB 0.804 3.668 1.319
10 TPI 0.031 3.962 2.402 190 TPI 0.028 3.830 2.249
20 TPI 0.027 4.183 2.391 200 Log 0.015 3.133 2.503
30 WB 0.015 3.908 2.301 210 Log 0.010 3.118 2.442
40 TPI 0.009 3.667 2.216 220 TPI 0.007 3.225 2.162
50 TPI 0.005 3.337 2.098 230 Log 0.006 3.570 2.198
60 Log 0.005 3.027 2.132 240 Log 0.007 3.956 2.080
70 Log 0.004 2.921 1.958 250 TPI 0.009 4.573 2.162
80 Log 0.003 2.771 2.114 260 TPI 0.013 5.022 2.275
90 Log 0.002 2.652 2.374 270 TPI 0.023 5.587 2.267
100 Log 0.002 2.368 2.609 280 WB 0.044 6.271 2.336
110 Log 0.003 2.718 1.811 290 WB 0.062 6.844 2.519
120 TPI 0.004 2.785 2.421 300 WB 0.056 6.728 2.596
130 TPI 0.006 2.929 2.348 310 WB 0.039 6.127 2.468
140 WB 0.010 3.319 2.317 320 WB 0.025 5.107 2.302
150 WB 0.019 4.003 2.373 330 TPI 0.021 4.012 2.132
160 Log 0.045 4.742 2.545 340 Log 0.023 3.374 2.359
170 WB 0.082 5.010 2.744 350 TPI 0.024 3.224 2.588
180 WB 0.067 4.760 2.554 360 TPI 0.027 3.472 2.391

Using the Weibull probability distribution parameters, the "fitted” wind rose

is presented in Figure 5.5 for Albany, NY. Note that it is quite close to the ”ob-

served” rose in Figure 5.3. Fitted (model) wind roses for all locations are included

in Appendix E.
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Model - Albany, NY B>1m/s
(mean hourly wind speed) B2 m/s

B=3m/s
B:qm/fs
B =5 m/s
B =5 m/s
W=7 m/s
B =g m/s

B>9m/s

W10 m/s
B>11m/s
B=12m/fs
B=13m/s
W14 m/s
B=15m/s
B =16 m/fs
B=17 mfs
A=18m/s

=19 mfs

»>20m/fs

Figure 5.5: Fitted Wind Rose for Albany, NY using the WB distribution

5.4 Project Data
5.4.1 Methodology and Project Wind Roses

A Malta site specific wind rose was created using data collected between the
months of June 2012 and August 2013. Wind data summary statistics were calcu-
lated for each 30 second increment of data during these months. These statistics
included average wind speed (using an arithmetic mean) and average wind direction
(using circular averaging techniques outlined in Appendix F).

These summary statistics were used to create a cumulative frequency distri-
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bution matrix in the manner described in Section 5.3.3 of this report. The values
in this matrix were then plotted radially to create the project wind rose shown in
Figure 5.6. In addition, this same information was plotted in Figure 5.7 using a 0.5
m/s wind speed increment in order to better visualize the data.

It should be noted that although time increments with low wind speeds were
removed from the data set used for most of the vibration analysis in Chapter 4, the

entire data set was used to create this wind rose.

5.4.2 Discussion and Comparison with Historical Data

For both of the Malta site wind roses shown in Figure 5.6 and 5.7, the wind
direction angle is taken with respect to Project North, which is based on the ori-
entation of the mast arm, rather than True North. For this investigation, Project
North is defined as being perpendicular to the length of the mast arm and offset

from True North by 33° as shown in Figure 2.3.

W>1m/s
m>2m/s
m>3m/s
m>4m/s

m>5m/s

m>6m/s
w>7m/s

m>8m/s

Figure 5.6: Observed Wind Rose at Malta, NY (0° is Project North)
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m>0.5m/s
m>1.0m/s
W>15m/s
W>2.0m/s
W>25m/s
m>3.0m/s
m>35m/s
W>4.0m/s
W>4.5m/s
W>50m/s
W>5.5m/s
m>6.0m/s

>6.5m/s

>7.0m/s

>7.5m/s

>8.0m/s

Figure 5.7: Observed Wind Rose at Malta, NY: 0.5 m/s Wind Speed
Increment (0° is Project North)

Therefore, to compare the project wind roses with the historical wind roses,
the project wind rose was rotated -33°. This rotated wind rose is shown in Figure
5.8 and the angles shown on the circumferential axis represent the angle with respect
to True North.

By comparing the historical long-term wind rose at Albany Airport to the site
specific at Malta NY, one finds that the wind speeds collected at Malta during this
14 months investigation are lower than those observed at Albany Airport. This is to
be expected due to the relatively sheltered site conditions at the investigation site
in Malta, NY.

In addition to lower wind speed magnitudes, the directional distribution (as
shown by the shape of the wind roses) is altered between the historical airport data
and the site specific data. The major prevailing wind direction (approximately 320°

from Project North or 290° from True North at Albany) is evident in the Malta wind
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Figure 5.8: Observed Project Wind Rose Rotated to True North

rose, but the two secondary prevailing wind directions at Albany are not evident
in the Malta wind rose. As shown by Figure 5.9, the project wind rose overlaid on
the site map, the 320° (from Project North) prevailing wind direction aligns with
the most open terrain seen at the site (open grass for 500 ft (150 m) ). The other
two prevailing wind directions at Albany (40° and 200° from Project North) have
significant upwind sheltering. The differences in site terrain are likely the cause for

the differences seen in directional distribution.
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Project Data
June to December 2012
gl (dt=30s, dV:O. m/s)

Figure 5.9: Project Wind Rose Overlaid on Site Map

61



CHAPTER 6
MAST-ARM VIBRATION MODEL

6.1 Introduction

The natural frequency of the structure is one of the two most important dy-
namic characteristics of Mast-Arm structures. As mentioned in Chapter 2, the
instrumentation measures the acceleration response of the Mast-Arm. However, the
fatigue life determination requires the displacement response (as will be shown in
Chapter 7). Figure 6.1 shows a sample of the vertical and horizontal acceleration
response of the mast arm and the corresponding wind speed and direction. Figure
6.2 show the Fourier Amplitude spectrum for both the mast-arm accelerations as
well as the wind speed. Note that the mast-arm vibration is nominally at its nat-
ural frequency (0.52 Hz for vertical direction and 0.50 Hz for horizontal direction)
whereas the fluctuating component of wind speed is at much low frequency (roughly
around 0.05 Hz). Since the mast-arm response is at its natural frequency, one needs
the natural frequency to convert from the measured acceleration response to the
displacement response.

There are three main methods to determine the natural frequency of a mast-
arm structure; eigenvalue analysis of a computerized structural model, approximate
energy methods suitable for hand calculation, and physical observation of the free

vibration response. All three methods are described in this chapter.

6.2 Eigenvalue Analysis

The Chapter 3 presents a detailed description of the eigenvalue analysis of

the Malta test structure. That information is summarized herein. The mast arm
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Figure 6.1: Time History Response: a)Measured horizontal acceleration
at mast-arm tip, b)Measured vertical acceleration at mast-
arm tip, c)Measured wind speed, d)Measured wind direction

structure was made of ASTM A572 Gr 65 steel, as specified on the plans provided.

Details about material properties are summarized in Table 6.1. Figure 6.3 shows

Table 6.1: Material Properties

Material Property Value [SI Units] Value [English Units]

Mass Density 7850 kg/m? 490 pcf
Young’s Modulus 200 GPa 29,000 ksi
Poisson’s Ratio 0.25 0.25

the structure geometry. The traffic signal structure has a cantilevered mast-arm
spanning 25 m (82 ft) in length and a tapered diameter ranging from 432 mm (17
in) at the fixed end to 288 mm (11.3 in) at the free end of the mast arm. The
vertical post which supports the mast-arm is 5.8 m (19 ft) tall and has a tapered

diameter ranging from 457 mm (18 in) at the base to 421 mm (16.6 in) at the top.
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Figure 6.2: Fourier Amplitude Spectrum: a)Mast arm acceleration,
b)Wind speed
The traffic signals were assumed to act as point masses. The locations of the traf-
fic signals along the length of the mast arm were estimated from a combination of
photographs and field measurements since these dimensions were not shown on the
plans provided. The masses of the traffic signals were estimated to be 60 1b (27 kg)
for the single sets of signals and 120 1b (54 kg) for the multi-sets and were applied
along the centerline of the mast arm. The estimated locations and masses of the

Malta traffic signals are summarized in Table 6.2.

An ABAQUS/CAE computer model was built using 616 elements - 416 hexag-
onal elements for the mast-arm and 80 elements for the pole. An eigenvalue analysis
(user option within ABAQUS/CAE) gave natural frequency of 0.57 Hz for vertical

(Z-direction) and 0.68 Hz for horizontal (Y-direction).
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Figure 6.3: Traffic Signal Structure Geometry

Table 6.2: Applied Traffic Signals

Estimated Location Point Mass Applied

(measured from free end kg (Ib)]
of mast arm) [m (ft)]
8.0 (26) 27 (60)
12.0 (39) 54 (120)
13.5 (44) 27 (60)
17.0 (56) 54 (120)
18.0 (59) 27 (60)
20.5 (67) 27 (60)
22.5 (74) 27 (60)

6.3 On Site Vibration ”Pluck Test” Method

the structure to enter into free vibration.

The "Pluck” test (or free vibration tests) is an easy way to determine the
natural frequency. To conduct these tests, the tip of the mast arm is first excited by
a person with access via a boom lift. For the Malta mast-arm structure, when the

peak to valley displacement of the tip was about a foot, the tip was released allowing

accelerations at the tip of the mast arm were recorded through the data acquisition
system and immediately analyzed on site using SEISMOSIGNAL. This program is

designed for the quick graphical analysis of dynamic signals in both the time domain
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and the frequency domain. These tests were repeated for each direction at which

point it was determined that the data collected was consistent.

Acceleration Time History: Z-Direction — Test 2
0.25 T T T T T T T T

Acceleration [g]

_0.25 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450

Time [s]

Figure 6.4: Excitation Test - Z-direction (Test 2): Acceleration Time His-
tory Response

To determine the natural frequency of the traffic signal structure both in the
y and z-directions, the data collected from the free vibration tests was converted
from the time domain to the frequency domain and Fourier amplitude spectra were
plotted. In the case of free vibration, the peak seen on a Fourier amplitude spectrum
indicates the natural frequency of the system. From the Fourier amplitude spectra
for the excitation (”"pluck”) tests, it was determined that the traffic signal structure
has a natural frequency of 0.49 Hz in the y-direction and 0.52 Hz in the z-direction.
The acceleration time history response and corresponding Fourier amplitude spec-
trum for the (second) free vibration test in the z-direction are shown in Figures 6.4

and 6.5.

66



Fourier Amplitude Spectrum: Z-Direction — Test 2
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Figure 6.5: Excitation Test - Z-direction (Test 2): Fourier Amplitude
Spectrum

Note that the SEISMOSIGNAL/ Fourier amplitude spectrum method required
that the mast-arm be instrumented. For initial screening purposes, the natural
frequency can be roughly estimated by exciting the mast-arm in free vibration as
above (boom lift required) and then measuring the time for 20 to 30 complete cycles
of motion. The natural frequency is the number of cycles divided by the time
period. Such field tests at the Malta site resulted in an estimated natural frequency
of approximately 0.5 Hz. Note the "pluck” test is the only way to determine damping
of the structure.

If the structure is instrumented, the damping ratio can be determined by
fitting an exponential decay to the observed vibration as shown in Chapter 3, as
well in Figure 6.4. Alternately, the damping ratio can be estimated by measuring

the number of cycles for the free vibration during the pluck test to reduce by half.
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From Equation 3.14 the estimated damping ratio is

= 0.693 (6.1)

2mn

where n is the observed number of cycles for the free vibration to reduce by a half.
For example, in Figure 3.9 the vibration level is about 0.12 at 75 seconds while it
drops to about 0.06 (reduction of 1/2) at roughly 160 seconds. Since the natural
frequency is about 0.5 Hz (2 second natural period) the 85 seconds to reduce to half
the vibration level corresponds to 42.5 cycles. From Equation 6.1 the damping ratio

became 0.0026 or 0.26 %.

6.4 Approximate Energy Method, Rayleigh’s Method

Rayleigh’s Method is based on the principle of conservation of energy. A
simple analytical model suitable for hand calculation is to approximate the mast-
arm as a cantilever with a fixed support at the pole. The cantilever has distributed
mass corresponding to the self weight of the arm itself, plus concentrated masses
corresponding to the signals. One begins by assuming the deflection shape of the
mast-arm, ¢ (x). Under dynamic vibration, the displacement of any point in the
mast-arm can be express as u(z,t) = zosin(wyt)(x), where x is the distance from
the free end, z is the amplitude of the generalized coordinate z(t) and w, is natural
vibration frequency (in radians per second). The total maximum potential energy
of the system over a vibration cycle is equal to its strain energy associated with the

maximum displacement ug(x) = zgt)(x):

2

L1 "
E, :/0 §Ef(x)[u0(a7)] dx. (6.2)

where F is total potential energy, E is Young modulus, /(x) is moment of
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inertia at this point x, uy(z) is the curvature or second derivative of wug(z) with
respect to .
The total maximum kinetic energy of the system over a vibration cycle is associated

with maximum velocity ug(x) = zow,¥(x):

Ek:/o ; (x) dx+z )eio ()] (6.3)

where EJ, is total kinetic energy, m(x) is the mass per unit length of the mast-
arm at distance x from free end, uo(z) is maximum velocity at point z; M; is the i-th
traffic signal mass at the distance z; from the free end, and wug(x;) is the maximum

velocity of the i-th traffic signal mass. From conservation of energy E,=FE} or

/0 %El(x)[zozp”(x)fdx: /0 %m( ) [zowntb(x d:z:+z M) ot ()2
(6.4)
Or

) S ABI(@) [y (x )]2
fo am Zownw( )] dfC+Zz 1 2 ($)[Zown¢(xi)]2

Appendix B presents the application of Rayleigh’s method to the Malta mast-

(6.5)

Wn

arm signal support. Note that the approximate natural frequency from Appendix B
is f,=5*=0.55 Hz which was reasonably close to our results from both the ”pluck”

test and the finite element model.

6.5 Conclusion

The "pluck” test and Rayleigh’s method are two easy-to-use methods to deter-
mine the natural frequency of a mast-arm structure. It is expected that NYSDOT

standard practice will be to perform a ”pluck” test on any mast-arm structure un-
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der investigated for potential fatigue problems. Rayleigh’s method can then be used
to check the site measured frequency and/or investigate the effects of adding or

subtracting traffic signals.
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CHAPTER 7
FATIGUE LIFE ESTIMATION

7.1 Introduction

In recent years, fatigue failure of traffic signal has been reported in several
states. In-service fatigue cracks in these structures have mostly occurred at the
connection of the mast-arm with the vertical pole. This chapter will discuss how
to estimate the fatigue life based on the wind climate and the characteristic of the

mast-arm.

7.2 Fatigue

For traffic signals, the primary design force is the wind load. Because of
its lightweight slender configuration, the long-mast arm structures are quite flexible
with a typical fundamental natural frequency on the order of 0.5 Hz. In addition, the
structures possess extremely low damping, usually less than 0.6 % of critical. These
dynamic characteristics make traffic signals highly susceptible to large amplitude
sustained vibrations at their natural frequencies as a result of the aerodynamic
effects of vortex shedding as well as buffeting from natural wind gusting. Apart
from large deflections, frequent wind-induced vibration can impart numerous cycles
of stress at the various welded connections, which conceivably could result in fatigue
damage.

The current applicable AASHTO specification for these structures (AASHTO 2009)
establishes the Constant-Amplitude Fatigue Limit (CAFL) stress at the connection
of the horizontal mast arm to the vertical pole as Category E’, irrespective of the

specific geometric details of the connection. For the various fatigue catagories,
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Figure 7.1: Stress-number of cycles curves for various connection detail
catagories of ASTM A572 Gr 65 Steel (from Kacin, Rizzo,
Tajari, 2010)
AASHTO provides the corresponding fatigue limit stress but does not provide the
Stress-Number of cycles (S-N) curve. The S-N curves is a plot of the acceptable
stress as a function of the number of cycles from Kacin, Rizzo, and Tajari(2010).
For example Figure 7.1 present the S-N curve for the ASTM A572 Gr 65 steel from
Kacin, Rizzo, and Tajari(2010). Note that the stress range is the difference between
the maximum and minimum stress at a point of interest. As one might expect, the
allowable stress range is a decreasing function of the number of cycles. However
for each fatigue category, there is a stress range (20 MPa or 2.9 ksi for Category
E’) below which an infinite number of cycles are allowable. Figure 7.2 sketches the
stress time history for nominally uniform time varying wind induced stress o,, with
zero mean in combination with constant stress due to mast-arm self-weight, o, .

Hence the maximum stress 0,4z

Omaz = Osw T Ow (71)
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Figure 7.2: Stress time history

while the minimum stress o,y

Omin = Osw — Ow (72)

The stress range Ao is

AC = Opaz — Omin = 204, (7.3)

Note that the self weight stress, being constant, does not influence the stress range.

7.3 Stress Range

The acceleration response of the mast-arm was measured, however, in order
to calculate the stress range, the tip displacement is of particular interest. Based on
that tip displacement, the stress at the pole/mast-arm connection was determined
by considering two separate load distributions; a uniformly distributed load across
the whole mast-arm (see Figure 7.3a), and a concentrated point load at the mast
arm tip (see Figure 7.3b). For vertical motion the largest stress is at the top (point

A) and the bottom (point D) of the mast-arm cross-section as shown in Figure 7.4

o Mvr2
T

(7.4)

Oy
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=L

b) Point Load

Figure 7.3: Two Load Distributions Considered: a)Uniform Load,
b)Point Load

where M, is the bending moment due to vertical loading, r, and I are the outer mast-
arm radius and moment of inertia of the mast-arm cross-section at the pole/mast-
arm connection. For horizontal motion the largest stress is at the left (point E) and

right sides (point C) (mid height) of the mast-arm cross-section as shown in Figure

7.4.
. Myrs
T

Oh (7.5)

where M}, is the bending moment due to horizontal loading.
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Figure 7.4: Mast-arm Cross Section

In general the vertical motion and horizontal motion are not in phase (maxi-
mum vertical motion not at the same time as maximum horizontal motion). However
herein it is conservatively assumed that the horizontal and vertical motions are in

phase. In that case peak stress is at point B.

__ 0.707(M, + My)rs

: (7.6)

Figure 7.5 shows the frequency content of the mast-arm tip motion as characterized
by the Fast Fourier Transform (FFT) of the acceleration response. It clearly indi-
cates that most of the acceleration response is at the natural frequency of the traffic
signal support f,=0.5 Hz. Since the motion is at the natural frequency the displace-
ment can be determined by dividing the acceleration by w? (where w,=2Xm x f,).
Noting that the acceleration was measured in units of g, the tip displacement in cm,

ug, becomes

iig 980cm /s
X

(27 f)? lg (-7

Ug =

or ug(cm) = 99.4 x iy(g) (uo(in) = 39.1 x iiy(g)) where iy is the measured tip

acceleration in units of g. Knowing the tip displacement, the the stress range at the
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Figure 7.5: Fourier Amplitude Spectrum for Mast-arm Acceleration Re-
sponse

mast-arm pole connection was established by considering two idealized distributions

of load on the cantilevered mast-arm: uniform load and point load at the tip.

e Case 1: Uniform load

For an assumed uniform load w (N/m), the moment in the mast arm is

M = M, where z is the distance from the pole. From elementary beam

2
()

52> Where E is Youngs

theory, the moment curvature relation is M = ETI
modulus=200 GPa (29,000 ksi) and I is the mast-arm moment of inertia. As-
suming the mast-arm is a hollow cylindrical tube with the outer radius ranging
from r=0.144 m (5.67 in) at the tip to 75=0.216 m (8.50 in) at the pole and

uniform wall thickness t=0.55 cm(0.218 in), the moment of inertia I can be

express as a function of the distance coordinate = follows:
(7.8)

L= (' (z) = (r(w) = t)") (7.9)



Double intergration of the curvature gives the mast-arm displacement

() M w(L—z)?

a2 "Bl 2Bl (7.10)
L L ) I — )2
uy =Y(L) = / / wdwdw (7.11)

where (L) is the tip displacement. Using Matlab for numerical integration
gives the following relationship between the tip displacement (in m) and the

uniform load w (in N/m):

up(m) = (L) = 1.824 x 10 *w(N/m) (7.12)

in English units:

up(in) = (L) = 1.05 x 10%w(k/ ft) (7.13)

Noting that for a constant EI, having the properties of the mast arm at mid

span r=(re+71)/2=0.18 m (7.09 in), t=0.55 cm (0.218 in).

™

1= 4 (r—1)*) =9.708 x 107°m*(233.23in") (7.14)
wo(m) = WL 515 x 103w(N/m) (7.15)
O T8ET TT '
in English units:
uo(in) = (L) = 1.44 x 103w (k/ ft) (7.16)

The relation in Equation 7.15 (or equation 7.16) can serve as a ”sanity check”

for the Matlab value in Equation 7.12 (or equation 7.13). Hence knowing
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the mast-arm tip displacement from the measured mast-arm tip acceleration,
Equation 7.12 (or equation 7.13) can be use to determine uniform mast-arm
load corresponding to the mast-arm tip displacement. Furthermore, the dis-
tributed load can then be used to determine the corresponding bending mo-
ment and stress range at the mast-arm/pole connection. Combining Equations
7.3 and 7.6 with the relation for the bending moment at the mast-arm/pole

connection M = wL?/2, the stress range becomes:

(wy, + wy) L2

Ao =2 x o0 =0.707 7

T2 (717)

Numerically gives o(N/m?) = 5.646 x 10°(w, + wp,)(N/m)
or

(uoy + uopn)(m) = 3.231 x 10~ %a(N/m?) (7.18)

in English units:

(woy + uon)(in) = 0.880 (ksi) (7.19)

Case 2: Point load at the tip

For an assumed the point load of P (N), the moment in the mast-arm is
M = (L —x) x P, where z is the distance coordinate measured from the pole.

Hence

wy = (L) = /OL /OL %dmx (7.20)

where (L) is the tip displacement. Using Matlab for numerical integration

gives the following relationship between the tip displacement (in m) and the
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point load P (in N):

uo(m) = (L) = 2.078 x 107*P(N) (7.21)

in English units:

up(in) = (L) = 36.39P (kips) (7.22)

Noting that for a constant EI, having the properties of the mast arm at mid

span r=(rs+71)/2=0.18 m (7.09 in), t=0.55 cm (0.218 in).

I= %(# — (r—t)*) = 9.708 x 107 m*(233.23 in%) (7.23)
PL?
uop(m) = BT 2.683 x 107*P(N) (7.24)

in English units:

up(in) = (L) = 46.99P (kips) (7.25)

The relation in Equation 7.24 (or equation 7.25) can serve as a ”sanity check”
for the Matlab value in Equation 7.21 (or equation 7.22). Hence knowing
the mast-arm tip displacement from the measured mast-arm tip acceleration,
Equation 7.21 (or equation 7.22) can be use to determine the point load at the
mast-arm tip corresponding to the mast-arm tip displacement. Furthermore,
the point load can then be used to determined the corresponding bending mo-
ment and stress range at the mast-arm/pole connection. Combining Equations
7.3 and 7.6 with the relation for the bending moment at the mast-arm/pole

connection M = PL, the stress range becomes:

(P, + P,)L

Aoc=2x0c=1414 7

ro (7.26)
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Numerically gives o(N/m?) = 4.517 x 10*(P, + P,)(N)
Or
(oy + uop)(m) = 4.600 x 1020 (N/m?) (7.27)

in English units:

(woy + uop)(in) = 1.250(ksi) (7.28)

Hence comparing Equation 7.18 (distributed uniform load) and 7.27 (point
load), uniform load is more conservative case since the resulting stress for a given
tip displacement is larger. Saying use (ug, + ugy)(m)= 3.231 x 1072 o(N/m?) (in
English units:(ug, + uop)(in)= 0.880(ksi)).

Vertical Tip displacement [cm]
o

-3 -2 -1 0 1 2 3
Horizontal Tip displacement [cm]

Figure 7.6: Calculated Tip mast-arm motion for June 26, 2012 Data

Figure 7.6 shows one example of displacement responses at the tip of the mast-
arm during June 26, 2012. The response of the mast arm was quite high that day.
Note that if the horizontal and vertical response were in phase, the mast arm tip
motion would fall along a straight line going through the origin. This clearly is not
the case. However Figure 7.6 suggests that the peak vertical displacement during

this time period was about 4.8 c¢cm, while the peak horizontal displacement was
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about 2.4 cm. Herein we conservatively assume that the motion are in phase with
uop=0.5ug, leads to

ugy(m) = 2.15 x 10~%0(N/m?) (7.29)

7.4 Probability distribution for mast arm tip displacement

Fatigue life estimation requires information on the likely number of cycles for
various stress ranges. This in turn requires the probability density function for the
mast-arm tip displacement, particularity in the high displacement tail region. The
best fit distribution of the mast-arm responses was established using the Inverse
CDF method described in the Chapter 5. Figure 7.7 shows the best-fit distribution
of the mast-arm tip displacement is an a Lognormal distribution with parameters

A=-0.91 and (=0.83 as this distribution is closest to the 1:1 reference line. Figure 7.8

ol + Normal

*  Lognormal
gl ET1

o ET2
7 .

lambda = -0.91091
I si=0.83429

Observed CDF
ol

Fitted CDF

Figure 7.7: Inverse CDF method

shows the tip displacement cumulative histogram (for all 14 months data at Malta

site) along with the corresponding Lognormal cumulative density function. Note the
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reasonable fit of the Lognormal distribution to the actual histogram, particularity

in the tail region.

Cumulative density function

Displacement Response (cm)

Figure 7.8: Cumulative Histogram and Cumulative Density Function for
tip displacement response

7.5 Fatigue life estimation

The S-N curve characterizes the fatigue strength of a particular material. It
can be use directly for situtations in which the stress range is constant from cycle
to cycle. For mast-arm vibration with different stress ranges from cycle to cycle,
Miner’s Rule can be used to estimate the fatigue life. Basically, Miner’s Rule states
that where there are k different stress ranges in a spectrum, S; (1 < i < k), each
contributing n;(S;) cycles, and if N;(S;) is the number of cycles to failure for a

constant stress range \S;, failure occurs when

> Z— =C (7.30)



where C is experimentally determined constant typically between 0.7 and 2.2. Usu-
ally for design purposes, C is somewhat conservatively assumed to be 1.

For computational efficiency, the straight line between point A on the S-N
curves for category E’ (20 MPa (2.9 ksi)) and the maximum stress range point D
(110 MPa (16 ksi)) in Figure 7.9 is replaced by three steps . The first step AB has
a stress range varying from 20 MPa to 35.3 MPa (5.12 ksi) and it is represented by
the mid point of 26.6 MPa (3.86 ksi) (log scale). The second step BC has a stress
range varying from 35.3 MPa to 62.32 MPa (9.04 ksi) and it is represented by the
mid point of 46.9 MPa (6.8 ksi) (log scale) while the last step CD has a stress range
varying from 62.3 MPa to 110 MPa and is represented by the mid point of 82.8
MPa (12 ksi) (log scale)((as sketched in Figure 7.9). The number of cycles associ-
ated with the first step IV; is the value at the midpoint of the step or N; = 2.8 x 10°
cycles as shown in Figure 7.1. The equivalent number of cycles for all three steps

are presented in Table 7.1.

AT (Mpa) AGMpa)
3
110 o P
8'1 B - ‘3,
c £ —|C
62.3 Yoo
46.9 L.+
B B
35.3 v
26.6 LZg— 4
20 aA e
No=1 Ne=21 Ne=90 Na=210 No of Cycles N3=1.2 N2=5 DM =28 Mo of Cycles
(x 108) (% 109)

Figure 7.9: Miner’s Rule

Based on the relationship between the stress range and the displacement at
the tip above, gives the threshold tip displacement wug,, for each value of stress range.

Then the probability that the wind speed would cause a mast-arm response greater
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Table 7.1: Stress Range and Number of cycles Values

Point  Stress Range [MPa] N; Number of cycles [cycles]

Point A 20 2.1 x 107
Point 1 26.6 2.8 x 106
Point B 35.3 0.9 x 106
Point 2 46.9 5 x 10°

Point C 62.3 2.1 x 10°
Point 3 82.8 1.2 x 10°
Point D 110 1 x 10°

than the threshold ug, can be estimated by using Equation 7.31

Pthreshold = P(“ > uOv) (731>

where P(u > wug,) is the probability that the u (mast-arm tip displacement
response) is greater than the threshold value ug, which can be determined based on
the Lognormal cumulative density function in Figure 7.7.

Since the natural frequency of the mast-arm is roughly 0.52 Hz (cycles per

second) the corresponding natural period is fin =T, = 1.92(sec/cycle). Hence the

number of cycle per year is

d 24hr/d n/h '
Nopete (365days) x (24hr/day) XT(GOmm/ r) x (60sec/min) — 16.4x10%eycles year

(7.32)
The number of cycles per year that the response is greater than threshold (or

the number of cycles associating with each stress range) is

n; = Ncycle X thresholdi (733>

For example, point A, the stress range is 0,=20 MPa=20 x 10° N/m?, using

the Equation 7.29 gives ug,=4.3 cm. Then, the Pereshora can be calculated by
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combining Equation 7.31 and the Lognormal cumulative density function with the

parameters A=-0.91 and £=0.83.

Pihreshola = P(u > ug,) = 2.16 x 1073 (7.34)

Finally, Equation 7.33 can be used to estimate n; = 16.4 x 10° x 2.16 x 1073 =

3.54 x 10* (cycles). The results for other point is shown in Table 7.2.

Table 7.2: Number of cycles associating with each stress range

Section Ac[MPa] N; [cycles] wgy, [cm]  Pinpeshold  Mopointi [CYCles]
Point A 20 2.1 x 107 4.3 2.16 x 1073 3.54 x 10*
Point B 395.3 0.9 x 10° 7.6 2.01 x 10~ 3.3 x 103
Point C 62.3 2.1 x 10° 13.4 1.2 x 107° 198
Point D 110 1 x 10° 23.7 4.6 x 1077 8

Finally, the number of cycles for stress ranges larger than point A but less
than point B, nj=ns-n=3.21 x 10* number of cycles for stress ranges larger than
point B but less than point C, no=npg-nc=3.1 x 103 and number of cycles for stress
ranges larger than point C but less than point D, ng=nc-np=190. These results
are shown in Table 7.3.

Table 7.3: Number of cycles associating with each equivalent step

Section Ao [MPa] N; [cycles] n; [cycles]
Section 1 26.6 2.8 x10°  3.21 x 10*
Section 2 46.9 5x10° 3.1 x 10
Section 3 82.8 1.2 x 10° 190

Assuming the fatigue life of the traffic signal is N (years), using the Miner’s

rules:

NxY Z— —1 (7.35)
=10

gives N=52 years
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7.6 Conclusion

The estimation of fatigue life of this traffic signal structure is 52 years. Note
that in this estimation is based on a number of conservative assumptions that the
horizontal and vertical motions were exactly in phase). Moreover, the Miner’s Rule
with C=1.0 is known to be somewhat conservative. Hence fatigue life of the structure
is something in exceed of 52 years and fatigue will not be a problem for the Malta
traffic signal. Also this approach does not account for significant large amplitude
motion induced by vortex shedding because it was not observed in this case due to

the high turbulence in the approach flow.
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APPENDIX A
NYSDOT PLANS - MALTA, NY MAST-ARM

STRUCTURE
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APPENDIX B
NATURAL FREQUENCY HAND CALCULATIONS

Model Properties:

p - Material Density [kg/m?3] = 7850 [kg/m3]

E - Young’s Modulus [GPa] = 200 [GPal]

r, - Average Outer Radius of Mast Arm [m] = 0.18 [m]

r; - Average Inner Radius of Mast Arm [m] = 0.17445 [m)]
L - Length of Mast Arm [m] = 25 [m]

Approximation method
00 = (3~ 1?)
ip = m/4(rg —17)

pao

m, =
°© g

A - see figure B.1

The natural frequency for Clamped-Free Beam with Double Linear Taper and Trun-

cated End [19] can be expressed as following equation:

5 \1/2
fi= i (%) (B.1)

2w L? \m,

Following the above procedure, hand calculations yield an estimated fundamental
frequency of 0.76 Hz for the Malta, NY mast-arm. The corresponding natural fre-
quency obtained from the FEM analysis is 0.74 Hz (a 2.4% difference). This close

comparison provided an initial validation for the finite element model.
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Figure B.1: Lambda Values: Clamped-Free Beam with Double Linear
Taper and Truncated End [19]

Rayleigh’s methods

w(rd—rd)
Ix pu— 04 1

p(r2f1”'2)
My = =5~

U(x) = g7 (0 — 4L%% + 3L*)

= — Jo 3E1(x) <>] da 2 B3
Jo© sm(@) [zownt ()]’ dm+zz | M () [zowath ()

M; and z; - See Table 3.2
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Following the above procedure, using Matlab for numerical intergration gives:
JFLEI(z) 200" ()] do = 2,848.120( Nm)

fo Im(x) [zownth(2)] de = 223.082(Nm)

ZZ 1 éM( )[zown¢(xi)]2 = 15.2329(Nm)

Hence w,, = 3.457 (rad/s) yields an estimated fundamental frequency of 0.55 Hz for

the Malta, NY mast-arm.



APPENDIX C
DYNAMIC CHARACTERISTICS - ADDITIONAL

FIGURES

U, Magnitude
+1.0e+00
+9.3e-01
+8.5e-01
+7.6e-01
+6.8e-01
+5.9e-01
+5.1e-01
+4.3e-01
+3.4e-01
+2.6e-01
+1.7e-01
+8.6e-02
+1.4e-03

« Figure C.1:"Second Mode of Vibration - Vertical Direction

Step: Step-1
Mode  3:Value= 17233 Freq= 2.089 (cyclesfime)
Primary Var: U, Magnitude

X Deformed Var: U  Deformation Scale Factor: +2.6e+00

U, Magnitude
+1.0e+00
+9.2e-01
+8.3e-01
+7.5e-01
+6.7e-01
+5.8e-01
+5.0e-01
+4.2e-01
+3.3e-01
+2.5e-01
+1.7e-01
+8.5e-02
+2.0e-03

‘Figure C.2: " Second Mode of Vibration - Horizontal Direction

Step: Step-1
Mode  4:Value= 20721 Freq= 22910 (cycleshime)
Primary Var: U, Magnitude

X Deformed Var: U Deformation Scale Factor: +2.6e+00
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U, Magnitude
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+ Figure C.3:"Third Mode of Vibration - Vertical Direction

Step: Step-1
Mode 5 Value= 50674 Freq= 35827 (cyclesfime)
Primary Var: U, Magnitude

X Deformed Var: U Deformation Scale Factor: +2.6+00
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Figure C.4: Pluck Test (Y-Direction, Test 1): Acceleration Time History



98

0.25

0.2 b

0.15| b

0.05 b

Acceleration [g]
o

-0.15 b

-0.2 b

_0.25 | | |
0 50 100 150 200

Time [s]

Figure C.5: Pluck Test (Y-Direction, Test 2): Acceleration Time History
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Figure C.6: Pluck Test (Z-Direction, Test 1): Acceleration Time History
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Acceleration Time History: Z-Direction — Test 2
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Figure C.7: Pluck Test (Z-Direction, Test 2): Acceleration Time History
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Figure C.8: Pluck Test (Y-Direction, Test 1): Fourier Amplitude Spec-
trum
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Figure C.10: Pluck Test (Z-Direction, Test 1): Fourier Amplitude Spec-
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Fourier Amplitude Spectrum: Z-Direction — Test 2
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Figure C.11: Pluck Test (Z-Direction, Test 2): Fourier Amplitude Spec-
trum



APPENDIX D
WIND ROSES USING NCDC DATA

NCDC Data- Albany, NY Wx1mfs
(mean hourly wind speed) a2 mfs
Ws3m/s
Batmfs
a5 mys
Bs6m/s
W=7 mfs
B=8mfs
B9 mfs
W10 m/s

B>11mfs

B>12m/s
>3 mfs
B4 mfs
B>15m/s
216 mfs
=17 mfs
0>18m/s

>19 mfs

=20 m/s

Figure D.1: Observed Wind Rose for Albany, NY

NCDC Data- Binghamton, NY B>1mfs
(mean hourly wind speed) B2 mfs
W:3mfs
Wod mfs
W5 m/fs
B:6mfs
W7 mfs
g m/fs
B8 m/s
B>10m/s
B>11m/s
B>12m/s
B>13m/s
B>14m/s
M>15m/s

Ws16m/s

W17 m/s

H>18 m/s
219 m/s

=20m/s

Figure D.2: Observed Wind Rose for Binghamton, NY
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NCDC Data- Buffalo, NY
(mean hourly wind speed)

Figure D.3: Observed Wind Rose for Buffalo, NY

NCDC Data- Dutchess, NY
(mean hourly wind speed)

Figure D.4: Observed Wind Rose for Dutchess, NY

B:1mfs
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W1 mfe
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B>13m/s
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19 mfs
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NCDC Data- Hartford, CT B>1m/s
(mean hourly wind speed) 2ms
Wx3mfs
Wod mfs
W5 m/fs
B:6mfs
|7 m/fs
g m/fs
B39 mfs
B>10m/s
B>11m/s
W12 m/s
B>13m/s
H>1am/s
M>15m/s
Ws16m/s
W17 m/s
H>18 m/s

219 mfs

=20m/s

Figure D.5

Observed Wind Rose for Hartford, CT

NCDC Data- Long Island, NY =1 mfs
(mean hourly wind speed) m2mfs
B:3mfs
a4 mfs
x5 m/fs
W6 mfs
W7 m/fs
38 mys
B39 mfs
B>10m/s
B>11m/s
B>12m/s
E>13m/s
B>14m/s
B>15m/s
B>16m/s
W17 m/s
B>18m/s

219 mfs

=20 m/s

Figure D.6: Observed Wind Rose for Long Island, NY



NCDC Data- Portland, ME
(mean hourly wind speed)

Figure D.7: Observed Wind Rose for Portland, ME

NCDC Data - Syracuse, NY
(mean hourly wind speed)

Figure D.8: Observed Wind Rose for Syracuse, NY
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APPENDIX E
WIND ROSES USING BEST FIT WEIBULL MODEL

Model - Albany, NY s1mfs
(mean hourly wind speed) a2 mfs

0 Wa3m,
s
o 8 er— 10

o mfs
B8 mjs
W26 mfs
7 m/fs
B8 ms
B8 mfs
B:10m/s
Bs11mfs
90 B>12m/s
B>13m/s
‘ B>14m/s
250 ¥ ¥ ¢ A 110 B315m/s
A Wx16m/s
B>17m/s
B8 m/s
519 mfs

=20 m/s

Figure E.1: Model Wind Rose for Albany, NY

Maodel - Binghamton, NY W1 mfs
(mean hourly wind speed) m2mfs
B:3mfs
a4 mfs
a5 m/s
W6 mfs
W:7m/fs
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B39 mfs
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B>12m/s
B>13m/s
W:14m/s
B>15m/s
B>16m/s
W17 m/s
B>18m/s

219 mfs

=20m/s

Figure E.2: Model Wind Rose for Binghamton, NY
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Model- Buffalo, NY
(mean hourly wind speed)

B:1mfs
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=20m/s

Figure E.3: Model Wind Rose for Buffalo,

Model - Dutchess, NY
(mean hourly wind speed)

Figure E.4: Model Wind Rose for Dutchess, NY

W1 mfe
Ws2m/fs
B:3mfs
W4 mfs
5 mfs
W26 mfe
W7 m/fs
B8 mfs
>3 mfs
B>10 m/s
B>11m/s
B>12m/s
B>13m/s
B>14m/s
15 m/s
B>16m/s
B>17 m/s
318 m/s
19 mfs

=20 m/s

NY

107



108

Model - Hartford, CT Ba1mfs
(mean hourly wind speed) 2ms
Wx3mfs
Wod mfs
W5 m/fs
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|7 m/fs
g m/fs
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B>11m/s
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B>13m/s
B>14m/s
M>15m/s
Ws16m/s
W17 m/s
H>18 m/s

219 m/s

=20m/s

Figure E.5: Model Wind Rose for Hartford, CT

Model - Long Island, NY a1mfs
(mean hourly wind speed) m2mfs
0 B:3mfs
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x5 m/fs
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W17 m/s
B>18m/s

219 mfs

=20 m/s

Figure E.6: Model Wind Rose for Long Island, NY



Model - Portland, ME
(mean hourly wind speed)

Figure E.7: Model Wind Rose for Portland, ME

Model - Syracuse, NY
(mean hourly wind speed)

Figure E.8: Model Wind Rose for Syracuse, NY
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APPENDIX F
CIRCULAR AVERAGE FORMULATION

Note: Bold type setting indicates a vector of values

© is a vector containing n seconds of azimuth angle data [units = radians]

otherwise © = O,
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