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CHAPTER 1
INTRODUCTION

1.1 Introduction

The Florida Department of Transportation (FDOT) currently requires mast arm
support structures for traffic signs and signals within ten miles of the coast. These mast
arms are also used off the coast of Florida and throughout the United States. Mast arm
structures have been increasingly observed to be susceptible to structural vibrations
resulting from both normal and extreme wind conditions. These wind-induced vibrations
are typically caused by the vortex shedding or galloping phenomena. Vibrations are also
caused by truck-induced wind gusts along mid to high-speed roadways. Mast arm
cantilevered signal supports are susceptible to fatigue cracking from the numerous
oscillations caused by these winds. This has caused a widespread concern regarding their
reliability [5]. Recently, mast arm failures caused by wind effects have been observed in
St. Augustine and Ft. Walton Beach, Florida. Mast arms are also being monitored for
fatigue failurein Wyoming and Texas.

Light-poles aong the Howard Franklin Bridge in Tampa, Florida and the New
River Bridge in Ft. Lauderdale, Florida have also experienced failures from wind-induced
vibrations. An economical method to mitigate the effects of wind-induced vibrations on
these types of structuresisto install mechanical damping systems in the structures. In the
case of the Howard Franklin Bridge, such devices were retrofit to the existing poles.

Similar mitigation techniques are necessary for mast arm structures subjected to wind-
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induced oscillations [2]. Reducing the amplitude and number of vibration cycles will

decrease the likelihood of fatigue failures, thus extending the structures life.

1.2 Objective

At thistime, there are no FDOT specifications or qualification procedures for
mechanical damping devices although, in some instances, they are required by the FDOT.
The objective of this research was to develop a consistent, rationally based specification
for amechanical damping device. FDOT personnel and/or contractors could then use this
specification in both the original design/construction and retrofit of cantilevered mast arm
structures. Implementation of a specification will greatly reduce or possibly eliminate

failures of mast arm and light pole structures caused by vibrations from wind effects.

1.3 Scope

The scope of this project isto design, test, and prepare a specification for a
mechanica damping device that will effectively mitigate wind-induced vibrations on all
lengths of mast arm structures under the FDOT’ s control. It isimportant to note that the
specification will not only be appropriate in Florida, but in all areas of the United States
where wind-induced vibrations are a problem. This project was divided as follows:

1. Literature review.

2. Review of previous report by Michadl A. Kalgjian [6].

3. Develop new damping devices.

4, Perform lab and field tests with the newly developed damping devices.

5. Present specification for the selected damping device.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Cantilevered mast arms are susceptible to four types of wind loading that may
induce vibrations that can lead to fatigue failures. The four wind-loading phenomena
include vortex shedding, galloping, natural wind gusts, and truck-induced wind gusts [5].
The purpose of this chapter is to define these phenomena and present information from

related research projects.

2.2 Vortex Shedding

The vortex shedding phenomenaisillustrated in Figure 2.1. Asa steady and
uniform airflow travels over the face of abody, it reaches points of separation on each
side where thin sheets of tiny vortices are generated. Asthe vortex sheets detach, they
interact with one another and roll up into discrete vortices that are shed aternately from

the sides of the object [10].

Figure 2.1 - Vortex shedding illustration

3
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The sinusoidal pattern that forms in the wake of the object is known as aVVon Karman
street. The asymmetric pressure distribution created by the vortices around the cross
section results in a sinusoidal forcing function transverse to the object. The Strouhal

relation gives the frequency, fs, of these shedding vortices in the equation:

oSV
D
where Sisthe Strouhal number, D is the across-wind dimension of the element, and V is
the free-stream wind velocity [5]. When the frequency of vortex shedding, as predicted
by the Strouhal relation, does not match one of the natural frequencies of the structure,
the shedding of vorticesin the wake of a structure will attain only a nominal periodic
response. However, when the frequency of vortex shedding approaches the frequency of
astructure, the result is an increase in vortex strength, an increase in the spanwise
correlation of the vortex shedding forces, and a tendency for the vortex shedding
frequency to become coupled to the natural frequency of the structure. This phenomenon
iscaled “lock in”. The critical wind velocity, V., at which lock-in occursis given by the

Strouhal relation:

—

n-D

Vcr =

where f, isthe natural frequency of the structure [5]. The result of the vortex shedding
lock-in phenomenais oscillations transverse to the wind that can lead to resonance of the

structure.
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Since uniform steady-state flow is required for vortex shedding, velocity
boundaries can be determined for a mast arms susceptibility to vortex-induced
oscillations. Previous research indicates that the level of turbulence associated with wind
velocities above approximately 35 to 40 mph limits the symmetric formation of periodic
vortices[7]. Also, vortex formation at wind velocities below approximately 10 mph
generates forces with magnitudes insufficient to excite most structures. Therefore,
structures may be susceptible to vortex-induced oscillations in the range of wind
velocities between approximately 10 to 35 mph [5].

Figure 2.2 depicts the critical wind velocities necessary to initiate lock-in due to
the shedding of vortices from circular supports of cantilevered structures subjected to a

subcritical flow regime.

16

14 /

12

10 A

Lock-In for Vortex
Shedding

6 - = = Threshold for Vortex-
Shedding

Critical Wind Velocity, V., (mph)
(o]

0O 5 10 15 20 25 30 35 40 45

Diameter, D (in)

Figure 2.2 - Critical Wind Velocities Required for Vortex
Shedding "Lock-In" for Circular Supports
(fn=1Hz & S=0.18)
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A typical diameter of a mast arm cantilever is anywhere from 3in to 15in. The lock-in
graph indicates that the wind velocities for which vortices will be shed from the circular
supports of the cantilevered support structures fall below the minimum wind velocity, of
10 mph, required to initiate vibrations in most structures. Thus, cantilevered mast arm
structures are not expected to be susceptible to vortex-induced vibrations from the
shedding of vortices[5].

It is also believed that tapered circular support members will be even less
susceptible to vortex-induced oscillations than normal circular support members. Vortex
shedding can only occur over some fraction of the member’s length due to the variation
in diameter of the member. Therefore, insufficient energy will be available to generate
large amplitude vibrations of the structure [5].

The vortex-shedding phenomenon does not appear to have a significant effect on
cantilevered mast arm structures with diameters less than 35 in. However, due to the
height of most vertically mounted traffic signals (typically greater than 36in), it is
possible that vortex shedding could play arolein the initiating of the galloping

phenomena.

2.3 Galloping

Galloping is an unstable phenomenon caused by aerodynamic forces generated on
certain cross-sectional shapes that result in displacements transverse to the wind [10].

This phenomenon can best be understood by observing Figure 2.3.



7\ Resultant
o Windl
e
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Figure 2.3 - Free body diagram to illustrate the galloping phenomena

Consider acircular section located in a steady air stream of velocity V. If the body
moves upward at avelocity of u, aresultant wind force will act on it at adownward angle

of attack, o, given by:

u
o =arctan| —
(VJ

This resultant wind force will cause a drag force and alift force on the section, which
combine to produce atotal damping force F. In the following equations, CD and CL are
coefficients of drag and lift respectively, d=diameter of the body, p=air density, and

L=length of the body [3].

Drag = Co- p-d-L - Resultant_Wind?
Lift=CL- p-d-L -Resultant_Wind?
F=Lift-cosa + Drag-sino
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The susceptibility of astructure to galloping can be determined from the Den Hartog's

criterion given by [4]:

aF 5 (unstable)

do

aF >0 (stable)
do

Given that o isasmall angle, this criterion can be reduced to [4]:

(—dLlft + Dragj <0 (unstable)
do

[%+ Dragj >0 (stable)

Positive damping of a system is apparent when an oscillating structure comes to
rest with external forces present. A system found to be unstable by Den Hartog's
criterion would contain negative damping, thus causing an increase in crosswind
oscillations of the system. The minimum wind speeds for galloping are a function of this
negative aerodynamic damping and the structural damping but are not affected by the
critical or lock in velocity due to vortex shedding [8]. However, it isvery important to
note that galloping cannot start when the structure is at rest. Wind gusts usually start
structural movement and then oscillations continue. Most galloping oscillations take
place at low to medium wind speeds, but can occur in all wind velocities[9].

Most simple shapes have an unstable galloping characteristic at some attitude,

except for asmooth circular cylinder [9]. Even though mast arms are circular, they
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encounter galloping oscillations due to the sign and signal attachments on the horizontal
cantilever. Kaczinski et al. [5] performed tests on mast arm modelsin both awind tunnel
and awater tank. They also observed cantilevered support structuresin thefield. It was
determined that the galloping phenomenon is very sensitive to its surrounding conditions
and does not occur frequently. Nevertheless, once a galloping instability was initiated,
the resulting crosswind resonant vibrations persisted with both increases and reductions
to the flow velocity. Kaczinski et a. [5] concluded that cantilevered signal support
structures were more susceptible to galloping when the signal attachments with or
without backplates were subject to wind flows from the rear. They also determined that
signals are more likely to gallop when configured with the backplates. Finally, galloping
of sign attachments was independent of aspect ratio and is more prevaent with wind
flows from the front of the structure.

The effects of galloping oscillations on mast arm signal structures can be very
significant. With the presence of damaging stress cycles, the structure’' s life could be

greatly reduced due to fatigue in high stress-concentration areas.

2.4 Natural Wind Gusts

Natural wind gusts arise from the variability in velocity and direction of airflow.
These wind gusts are characterized by a spectrum of velocity components that oscillate
over a broad range of frequencies as aresult of turbulence inherently present in any
natural airflow [5]. This broad range of frequencies causes the amplitude of a structure’s

response to natural wind gusts to be variable and randomly distributed.
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The most common approach for estimating the maximum pressure imposed on a
structure by agust is through the use of agust factor. A gust factor istheratio of the
expected peak displacement load during a specified period to the mean displacement
load. Several parameters combine to produce the value of a gust factor including
roughness of the surrounding terrain, height of the structure, and the structure's
geometry. A design wind pressure can be determined from the gust factor. This design
wind represents the maximum expected equivalent static wind pressure which produces
the same response a structure would be subjected to under a maximum expected dynamic
wind loading [5]. The gust factor currently used in the AASHTO specifications for the
design of sign, signal, and luminaire support structuresis 1.3. Asreported by Kaczinski
et a., all available evidence indicates that cantilevered support structures perform
satisfactorily under extreme wind conditions and no reported failures have been directly
attributed to extreme gust loading conditions. Therefore, the gust factor of 1.3 seems
adequate for the ultimate strength design of cantilevered support structures [5]. However,
natural wind gusts can till cause excessive displacements of mast arm structures. These
excessive displacements could lead to fatigue cracking over the life of a cantilevered

structure.

2.5 Truck-Induced Wind Gusts

Truck-induced wind gusts are the result of trucks repeatedly passing under sign
and signal structures. These trucks cause wind gusts on both the front and underside
areas of the cantilevered section of the structures. The magnitude of truck gusts on the

front surface of the mast arms (horizontal direction) was reported by Kaczinski et al. to
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be much less than the natural wind gust pressures. However, it is possible that the truck
gusts on the underside surface of the mast arms (vertical direction) are causing vertical
vibrations of cantilevered mast arm structures and perhaps fatigue damage. These
vertical truck gusts are generated from deflectors on the truck cabs that are designed to
divert the wind flow upward and minimize the drag created by the trailers. It's possible
that these vertical wind gusts are equal to the speed of the truck or even higher if the
truck isdriving into a head wind.

One study performed by Cook et al., at the University of Florida, studied the wind
pressures given off by semi-trucks along amajor highway. Wind pressures were
measured from 0° (horizontal) to 90° (vertical) in 15° increments. The pressures
recorded in Cook’s et a. study were lower than what would be produced by winds at the
same speed as the truck, as suggested in Kaczinski’s et al report. However, it was
determined that the trucks produced wind gusts at frequencies around 2 Hz and 0.5 Hz
[1]. Mast arm structures from 30 ft to 70 ft in length are known to have natural
frequencies from 1.4 Hz to 0.6 Hz respectively. Therefore, it isvery likely that truck
induced-gusts are responsible for oscillations in long mast arms located along high-speed

roads (ie. 55 mph plus).

2.6 Summary of Literature Review

The literature review revealed that vortex shedding, galloping, natural wind gusts,
and truck-induced wind gusts are al phenomenathat can induce vibrationsin
cantilevered mast arm structures. Vortex shedding was probably the |least likely cause of

oscillations due to the tapered geometry of most horizontal cantilevers. However, it is
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possible that vertically mounted lights could experience vortex shedding enough to
initiate galloping. Galloping is probably the main cause of excessive vibrations. The
galloping phenomena can occur with winds from virtually any direction. Natural wind
gusts are not thought to be the main cause of fatigue failure, but they are significant
enough to be considered. Finally, truck-induced wind gusts cause relatively small and
quick vibrations. However, some roads have high volumes of truck traffic and can inflict

numerous oscillation cycles on a structure.



CHAPTER 3
REVIEW OF FDOT REPORT BY MICHAEL A. KALAJAN

3.1 Introduction

The purpose of this chapter is to review the procedures and results of the FDOT
report written by Michael A. Kalgjian [6]. The information in the remaining chapters of

thisreport is an extension to the research performed by Kalgjian in August of 1998.

3.2 University of Florida Test Facility

Kalgjian’s project began with the development of a mast arm test facility to be
located in the structures laboratory at the University of Florida. The purpose of this
facility was to evaluate the response of a mast arm structure and test the performance of
his developed damping devices. A full-scale mast arm structure was proposed for the lab.
It was determined that the lab could accommodate a cantilevered structure with a 37 ft
arm length and 15 ft pole height. The mast arm was designed and built within these
parameters.

The structure’'s foundation was an 8 ft x 8ft x 2 ft concrete block that was
anchored to the structural floor of the laboratory with four 2.5 in bolts spaced at 6 ft on
center. The foundation size was controlled by the spacing of the tie down bolt-holesin
the lab’sfloor. The base of the pole was set in the center of the concrete block and
anchored with four 1.75 in bolts embedded 24 in with 9 in free above the concrete. The

clearance of the structure was limited to 20 ft from the floor surface due to the height of

13



14
the laboratory cranes. Thefinal length of the mast arm’s pole was 15 ft with a 37 ft
cantilevered arm being attached at 14 ft. Three traffic signals were mounted on the arm.
The outermost signal was afive light assembly (85 Ibs), while the other two were three
light assemblies (57 Ibs each). All dimension details can be seen in Figure 3.1. Finally, a
platform measuring 12 ft x 6 ft was built around the 4 ft tip of the cantilevered arm to act
as the monitoring station for testing. Figures 3.2 and 3.3 are photographs of the

University of Floridatest facility.

POLE: ARM:

BASE DIAMETER = 111 IN OD BASE DIAMETER = S IN 0D 15!
TOP DIAMETER = 9 IN 0OD TIP DIAMETER = 382 IN 0D

TAPER = 014 IN/FT TAPER = 014 IN/FT

THICKNESS = 01875 IN THICKNESS = 01875 IN

)

Figure3.1 - Lab Mast Arm Dimensions

Figure3.2 - Lab Mast Arm (Photo 1) Figure3.3 - Lab Mast Arm (Photo 2)
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3.3 Instrumentation and Testing Procedures

Kagian was interested in calculating the percent critical damping and natural
frequency for each mast arm tested with and without his dampers attached. He selected
PCB brand general-purpose accelerometers to record data for these calculations. Two
accelerometers were mounted on atri-axial mounting block that was then attached to a
mast arm with wax. These sensors measured accelerations of the mast arm tip in the
horizontal and vertical directions. Time was a so recorded simultaneously with the
acceleration data. The data acquisition used by Kalgjian to record the acceleration and
time datawas identical to the one used in this report and will be covered in Chapter 4.

Each test consisted of giving the mast arm aninitial vertical displacement and
allowing it to oscillate freely. The recorded data was then used to plot a graph of
normalized acceleration vs. time. Aslong as no external force was applied to the
structure once it was placed into free vibration, the graph resulted in an exponentially
damped function. Thisfunction was used to calculate the structure’ s percent critical

damping and natural frequency.

3.4 Free Vibration of the Lab Mast Arm

The free vibration of the mast arm was the vibration of the arm due to a vertical
displacement with no damping device on the arm. This test was done to determine the
damping present in the mast arm itself. The free vibration response of the lab mast arm is

represented in Figure 3.4.
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Figure 3.4 - Free Vibration Response of Lab Mast Arm

3.5 Review of Kalajian's Dampers and Lab Test Results

The purpose of a damping device isto decrease the number and amplitude of
wind-induced oscillation cycles of amast arm. Thiswill in turn decrease fatigue on the
structure, thus extending itslife. The challenge in Kalgjian’s project wasto develop a
damping device that would work well on all types and lengths of mast arm structures.
The target percent critical damping for a device was 5%. All the results given on
Kalgjian’s devicesin this section come from tests performed on the lab mast arm at the

University of Florida.



17

3.5.1 Damping at the Arm-Pole Connection

Kagian made two attempts towards damping the lab mast arm at its arm-pole
connection. Thefirst attempt was to add Belleville disc springs at the arm-pole
connection. This connection consists of four 1.25 in diameter bolts. The springs were
conically shaped and made to hold large loads in small space applications by maintaining
tension and absorbing pressure in bolted assemblies and between plates. Dimensions of
the Belleville disc springs are indicated in Figure 3.5. The springs were made of 1075
high carbon steel and were rated at 1584-1936 |bs. The purpose of the disc springs was
to dissipate the energy due to the vibrations of the arm. However, the Belleville disc
springs did not prove to be very effective for damping of the system. The vibration
response of the lab mast arm with the Belleville disc springsin place is shown in Figure

3.6.

1.25in
Thickness
0.120in
/ \ 0.180in
}4 2.25in »‘

Figure 3.5 - Beélleville Disc Spring Dimensions
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Figure 3.6 - Belleville Disc Springs Vibration Response

The second damping attempt at the arm-pol e connection was to add a heoprene
pad between the mast and the pole over the entire connection plate. Figure 3.7 shows the
dimensions of the pad. Kalajian used a pad thickness of 0.25inand 0.75in. The pad
was to simulate the characteristics of a spring and absorb the energy of the vibration. By
observation, the neoprene pads were ineffective at damping the vertical displacements.
Therefore, no data was taken for this test.

Following these two attempts at damping the mast arm at its arm-pole connection,

it was determined that vibrations must be dissipated from the tip of the arm.



19

11in
< P
7in
A
O @) A
Val
1.5india / )
14in 18in
@) @) A A
A 4

Figure 3.7 - Neoprene Pad Dimensions

Figure 3.8 - Connection where Belleville Disc Springs and
Neoprene Pads were installed
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3.5.2 Stockbridge Type Version Dampers

A Stockbridge damper consists of a flexible rod mounted at the tip of the arm
with a mass attached to the tip of the rod. The concept for this device was that energy
from the vibrating arm would be transferred through the flexible rod to the mass. Two
types of Stockbridge dampers weretested. Figure 3.9 shows the first device made of a
windsurfing batten with weights of 1 1b and 1.5 Ibs. The second deviceispicturedin

Figure 3.10 and consists of a14 in long, 0.5 in diameter, cable with a 20 Ib mass.

Figure 3.9 - Batten Damper Figure 3.10 - Stockbridge Version Damper

The batten device would cycle between positive and negative damping, but
overall was not effective in mitigating the vibrations. This can be seen in Figure 3.11.
The damping presented for the batten damper can be misleading because it was
calculated while the batten provided positive damping only. The Stockbridge version
device just appeared to go aong for the ride when the mast arm was set into a vibration

mode. Figure 3.12 shows the response of the Stockbridge version device.
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Figure 3.11 - Batten Damper Vibration Response
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Figure 3.12 - Stockbridge Version Damper Vibration Response
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3.5.3 Liquid Tuned Dampers

A liquid tuned damper is a device in which movement of aliquid is used to damp
the vibrations of a structure. Theideaisfor the liquid to slosh back and forth and
counteract the frequency of the structure and in turn damp out the vibrations. There were
two different versions of the liquid damper tested. In each version, water was used as the
damping liquid.

Thefirst device was a4 in-diameter, 20 ft long PV C tube. The device was
attached to the traffic light fixtures using hose clamps. The PV C tube was then filled
with water by the gallon and tested after the addition of each gallon. The damping
increased dightly with the addition of each gallon. However, the overall damping to the
structure was minimal. The second device attempted was a u-shaped 3 in-diameter PVC
tube. The dimensions of the tube were 24 in long with 16 in tall ends. A u-shaped tube
with dimensions of 78 in long with 24 in tall ends was also tested. Likethefirst device,
the damping increased with addition of water, but was never very effective overall.
These liquid tuned dampers and their responses can be seen in Figures 3.13, 3.14, and

3.15, 3.16, 3.17, and 3.18.

3.5.4 Tuned Mass Damper

A tuned mass damper is a device that matches the natural frequency of the
structure and dampsiits vibrations. The concept behind this device isto use a spring and
mass with matching frequency of the structure. There are two properties that can be
varied to match the frequency of the structure, stiffness and mass. The relationship

between stiffness, mass, and natural frequency is:
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Figure 3.13 - 20ft Long PVC Liquid Damper

12
Damping = 0.375%
0.6 |

04 f
0.2 | #

-0.2
-0.4
06 |
08 |

Normalized Acceleration
o

-1.2 L
0 5 10 15 20 25 30 35 40 45

Time (seconds)

Figure3.14 - 20 ft Long PVC Liquid Damper Vibration Response
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Figure 3.16 - Short U-Tube Liquid Damper Vibration Response
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Figure3.17 - Long U-Tube Liquid Damper
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Figure 3.18 - Long U-Tube Liquid Damper Vibration Response
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1 Kk

f=—— .|

2.7 \m

where f isthe natural frequency, k isthe stiffness, and m isthe mass. Kalgjian'stuned
mass damper consisted of a 0.375 in-diameter rod attached to the end of the mast arm
with linear ball bearings and a spring attached to the ball bearing case. A mass was then
attached to the end of the spring. The stiffness of the spring was 0.7 Ib/in and the mass
used was 12.5 Ibs. Although this spring/mass combination did not exactly match the
frequency of the mast arm, it was still very effective at damping the vibrations. Figure

3.19 shows the tuned mass damper device and Figure 3.20 shows its vibration response.

spring

Hteel Fod

/

Linear Ball Bearing Slide

Tip of Mast Arm

T
\[ Clamgp

Figure 3.19 - Tuned Mass Damper
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Figure 3.20 - Tuned Mass Damper Vibration Response

The problem with the tuned mass damper is that one damper does not work well
on al mast arms. Each damper would have to be modified to match the frequency of the
poleitisplaced on. Thiswould require adjustments to the spring/mass combination for

every mast arm. As aresult, this device was not considered to be an acceptable option.

3.5.5 Spring/M ass Friction Dampers

The idea behind this type of damping device is to adapt a tuned mass damper to a
friction or viscous combination damper. There were many variations of this device
tested. Some of the properties varied where diameter and material of device housing,
damping liquid, mass shape, and spring type. These devices were composed of atension

spring or bungee cord attached to a massinside acircular pipe. The masswas just
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smaller than the inside diameter of the pipe to create friction between the mass and the
sidewalls of the pipe. Each device, although not frequency dependent, still had to have a
frequency in therange of 0.5 Hz to 1.5 Hz in order to work of different lengths of mast
arms. Each spring/mass friction damper was mounted to the end of the mast arm.

The first spring/mass friction damper contained a 16 Ib cylindrical mass with
dimensions of 16 in long and 1.875 in diameter. The mass was connected to a bungee
cord with a stiffness of 1.0 Ib/in. The mass and bungee were assembled inside a48 in
long, 2 in diameter, galvanized pipe. The device was then capped at the top and bottom.

This device and its vibration response are pictured in Figure 3.21 and 3.22 respectively.

Figure 3.21 - 2in Galvanized Pipe, Bungee and Mass Damper
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Figure 3.22 - 2in Galvanized Pipe, Bungee and Mass Damper Vibration Response

A second device was devel oped with the same dimensions, but was made out of a
clear PVC tube. Also, SAE 10w30 oil was added to alow a one-inch gap between the
mass and oil. Thiswas done so small displacements of the mass would impact the oil and
damp quickly. This device was not as effective as the previous galvanized device. This
device and its vibration response can be seen in Figures 3.23 and 3.24 respectively.

There were concerns about the long-term effects of a bungee cord, so athird
device containing a spring was created. This device was composed of atension spring
with astiffness of 1.4 Ib/in, amass of 16 Ibs, and a 4 in-diameter PV C tube housing at 36
inlong. The device was capped on both ends and also filled with oil to about one-inch
from the bottom of the mass. This device proved to be as effective as the one with the

bungee chord. The deviceispictured in Figure 3.25 with its response in Figure 3.26.
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Figure 3.23 - 2in PVC Pipe, Bungee and Mass Damper with Oil
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Figure 3.24 - 2in PVC Pipe, Bungee and Mass Damper with Oil
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Figure3.25 - 4in PVC Pipe, Spring and Mass Damper with Qil
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Figure 3.26 - 4in PVC Pipe, Spring and Mass Damper with Oil
Vibration Response
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In an attempt to shorten all of the previously mentioned devices, compression
springs were considered. The compression spring device contained three compression
springs attached to a bottom plate with rods attached to the bottom plate and passing
through linear ball bearings attached to the top plate. A 12 Ib mass was added to the top
plate. The springs that were used were 2.25 in diameter, 8 in long, and had spring
stiffness values of 1.0 Ib/in. The device housing was an 18 in long, 8 in diameter, clear
PVC pipe. The bottom plate of the device was placed on aring mounted inside the PVC
just above the cap level. This device did not appear to be very effective in damping out
the vibrations. The problem appeared to be that the mass was not getting enough
acceleration in the device housing and therefore not enough motion to damp the
vibrations. Figures 3.27 and 3.28 show the compression spring device and its vibration

response respectively.

Figure 3.27 - Compression Spring Damper
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Figure 3.28 - Compression Spring Damper Vibration Response

3.5.6 Spring/Mass |mpact Friction Dampers

The first spring/mass impact friction device was a combination of the previous
tension spring and compression spring devices. A tensions spring with a stiffness of 1.4
Ib/in was attached to a 12 Ib mass and then to a PV C cap. The compression spring device
was mounted in the bottom of the device housing with three springs with a stiffness of
1.0 Ibg/in each and amass of 6 Ibs. When this device wasfirst created, an 8 in coupling
was used to extend the clear PV C so that the characteristics of the damping device could
be observed. This can be seenin Figure 3.29. The coupling left a gap between the two
pieces of PV C where the tension spring mass would get hung up in the gap for a second.

The hang-up caused the device to work exceptionally well. This can be seen in Figure
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3.30. The problem with the device was itssize. It needed to be scaled down so that it

would not be as noticeable to passing motorists.

Figure 3.29 - Tension Spring/Mass Binding on Joint Damper
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Figure 3.30 - Tension Spring/Mass Binding on Joint Damper
Vibration Response
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The next device was a smaller version of the mass binding on thejoint in the
walls of the housing. The device consisted of atension spring with a stiffness of 1.4 |b/in
and a 16 Ib mass with a1.875 in diameter. The housing wasa 30 in long piece of 3in
PV C pipe that was reduced to a 16 in long piece of 2in PVC pipe. The concept was for
the mass to bang into the reducer and disrupt the vibrations of the arm. The device
proved to be effective in mitigating the vibrations, but it was still thought to be too long
at 46 in total height. Thisdeviceis pictured in Figure 3.31 with its response in Figure

3.32.

Figure3.31 - 3into 2in Tapered Spring/Mass Impact Damper
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Figure 3.32 - 3into 2in tapered Spring/Mass Impact Damper
Vibration Response

Two smaller variations of the tapered device were then built. Thefirst wasa4in
PV C pipe tapered to a 3 in PV C pipe with areducer. The spring stiffnesswas 1.4 Ib/in
with amassweighing 12 Ibs. The masswas 3 in diameter so that it would barely fit into
the reducer. Thetotal length of this device was 25 in. The second smaller tapered device
built used a4 into 2 in reduced housing. The spring constant was 1.4 |b/in with a mass
weighing 15 Ibs. The devicestotal length was 27 in. Both of these smaller devices are
pictured in Figures 3.33 and 3.34 respectively. Their vibration responses can be seenin

Figures 3.35 and 3.36.
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Figure3.33 - 4into 3in Tapered
Spring/Mass Impact Damper

Figure3.34 - 4into 2in Tapered
Spring/Mass Impact Damper
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Figure 3.35 - 4into 3in Tapered Spring/Mass Impact Damper
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Figure3.36 - 4into 2in Tapered Spring/Mass Impact Damper Vibration Response
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3.5.7 Woodpecker Damper

The woodpecker device involved a mass banging on the top of the pole with a
compression spring used to create motion. A 0.375 in diameter stainless steel rod was
attached to the pole with a bearing so that it could pivot freely. Therod used was 36 in
long with a 12 Ib mass attached to the end and a compression spring with a stiffness of
4.5 1b/in located at the % point of the span. A PV C collar was placed around the spring
so that the spring would not buckle. This device was not effective in mitigating the
vibrations. The woodpecker device is shown in Figure 3.37 and its vibration response is

shown in Figure 3.38.

Figure 3.37 - Woodpecker Damper
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Figure 3.38 - Woodpecker Damper Vibration Response

3.5.8 Summary of Kalajian's Dampers

Table 3.1 contains schematic drawings of each of Kalgjian’s devices. Thelab
mast arm testing results of those devices are also provided in the table. The chosen

device, aswill be determined in Section 3.6, has been shaded.

3.6 Field Testing of Damping Devices

The objective of the field-testing was to check the damping characteristics of a
variety of different poleswith five of the effective devices developed in thelab. The
lengths of the mast arms tested in the field were 36 ft, 40 ft, 68 ft, and 70 ft. They were

located at the intersection of SW 34" St. and SW 47" Ave. in Gainesville, Florida. The
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Table3.1 - Summary of Kalgjian’s Dampers
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Table3.1 - continued
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Table3.1 - continued
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mast arms were accessed using alift truck from Gainesville Regional Utilities. The
accelerometers were attached to the tips of the arms with wax, similar to the lab testing,
and then connected to the computer. Each mast arm and device combination was given a
small, medium, and large displacement in the vertical direction and allowed to oscillate.
This was done to determine if the magnitude of the displacement had an effect on the
damping of the arm. After the field tests were completed, the data was analyzed and the
percent critical damping was calculated for each device on each mast arm tested. The

results of the lab and field-testing are compared below in Tables 3.2 and 3.3.

Table 3.2 - Mast Arm Frequency Resultsfor Lab and Field Testing

Fregquency (Hz)
40ft Pole | G3ft Pole | 7Oft Pole

3&ft Pole Lab Pole

1.158 1.144 0.719 0.71 0.94

Table 3.3 - Percent Critical Damping Results for Lab and Field Testing

Critical Damping
Device

36ft Pole | 40ft Pole | BBft Pole | 70ft Pole | Lab Pole
Free Yibration 0279% | 0181% | 0.356% | 0.620% | 0.272%
2'”@;? g;ﬁﬁ;f,:ﬁﬁ%ﬂnd 2176% | 1.128% | 1.226% | NA | 3.453%
din PVCDZ'riZ-ErSEE'trE]QSde Mass| | i7en | 1077e | 13859 | MA | B122%
Jin to E'Fm?ap.:?%iiﬁ!?wa% 2.972% M, A, 0.790% | 7.547%
4in to 3'le11‘?;§§§2:‘9’“355 2.946% M, A, 2.472% | 5.374%
Ain to z'rm?ap;rgirﬁﬁ;?wass 3.575% NA, NA, 2835% | 3.562%
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3.7 Conclusion

The device Kalgjian chose to be the most suitable in damping the vibrations of the
various lengths of mast armswasthe 4 into 2 in Tapered Spring/Mass Impact Damper.
This device was selected because it produced a consistent percent critical damping on
each pole tested (approximately 3%). It was also reported to have 1.1% critical damping,
in the horizontal direction, for the lab mast arm. Kalgjian finished his project by
constructing a steel prototype of his selected device. Steel was used so the device would
be able to withstand outdoor conditions. The device was also galvanized to prevent
rusting and corrosion.

The purpose of the research presented in this report was to extend the research
performed by Kalgjian. The goals of this extension were as follows:

1. Determine why Kalgjian's device was effective and further its development.

2. Try to improve both the vertical and horizontal damping.

3. Simulate wind-induced vibrations during the testing of dampers.

4. Select afinal device and observe its performance on a mast arm known for its

susceptibility to wind-induced vibrations.

5. Develop a specification for the final damping device design and

implementation.
The remaining chapters of this report contain the procedures and results for obtaining

these goals.



CHAPTER 4
DATA ACQUISITION AND INSTRUMENTATION

4.1 Data Reguired

For each mast arm tested, it was necessary to obtain displacement data in both the
vertical and horizontal direction. This not only demonstrates how much the mast arm is
moving, but can also be used to calculate the structures' natural frequency, and percent
critical damping. Field-testing took place in Tampa, Florida, that also needed data for the

wind force and direction as it acted on the mast arm structure.

4.2 Data Acquisition

A laptop computer equipped with a PCMCIA data acquisition card was used to
record the mast arm tests. The program used to record the data was Virtual Bench 1.0, by
Natural Instruments. The data acquisition systems components were as follows:

Computer: Micron

166 MHz Pentium processor
48MB EDO DRAM
2 type-Il PCMCIA dlots

Data Acquisition Card: National Instruments DAQ

Connecting Components: 68-pin shielded terminal block

68-wire cable (3 ft. long)

Software: National Instruments NIDAQ data
acquisition drivers
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4.3 Displacement | nstrumentation

Use of aWire-LVDT (Linear Variable Differential Transducer) was initially
considered for measuring displacements at the tip of the mast arm structures (See Figure
4.1). TheLVDT isaccurate to the nearest thousandth of an inch. Although it would
produce extremely precise measurements, the sensor had many drawbacks when being

applied to amast arm.

Figure4.1 - Wire-LVDT

Mast arm structures can move up to twelve inches vertically or horizontally from their at
rest positions. Transducers would need to be located both below and to the side of the
cantilever’stip. Also, the instruments would have to be held completely fixed with

respect to the moving mast arm structure. Constructing a base for the LVDT devicesto
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mount to was not practical for field-testing. However, awire-LVDT was used in the lab
for calibration purposes on other sensors.

The second attempt for measuring displacements was to attach an inclinometer at
the tip of the mast arm (See Figure 4.2). The angle of rotation at the tip of the cantilever
would be used to back calculate its displacement at that point. A liquid-capacitive based
inclinometer and a pendul ous-mass based inclinometer were both tested on the lab mast

arm.

Figure4.2 - Inclinometer attached to tip of lab mast arm

A Wire-LVDT was fixed with respect to the structure and also attached to the tip of the
mast arm, as seen if Figure4.1. The LVDT was used to verify the calculated
displacements from the inclinometer data. Displacements matched very well under static
loading of the mast arm. However, the displacement results from the LVDT and

inclinometer differed when the pole was put into free vibration. This discrepancy was
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due to the inclinometer’ sinability to respond quickly enough to the mast arms
oscillations. Since both inclinometers were gravity based, they were not able to measure
the horizontal displacements of the mast arm either.

Finally, PCB brand general-purpose piezo-electric accelerometers were selected
to calculate the displacements at the tip of the cantilever. The acceleration data was
integrated twice to calculate the mast arms' displacements. Accelerometers are accurate,
portable, and can be attached in aimost any orientation with wax. Thiswasideal for both
lab and field-testing. Two accelerometers were attached to a tri-axial mounting block and
fixed to the mast arms with wax. The two sensors were oriented such that one would
measure a pole s vertical motion and the other would measure its horizontal motion.

Figure 4.3 shows the accelerometers on the [ab mast arm.

Figure 4.3 - Accelerometers attached to tip of lab mast arm
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4.4 Cadlibration of Accelerometers

The accelerometers were connected to thier own power supply units with wires.
The power supplies were located at the data acquisition area. Originaly, the
accelerometer output went directly to the data acquisition where it was recorded.
However, the accelerometers were so sensitive that the high frequency impact of the
dampers caused the signal to be unrecognizable. So, a unity-gain second-order |ow-pass
filter, built by David P. Arnold, was added in line between the power supply unit and the

data acquisition. Figure 4.4 shows the power supplies and the filter.

Figure4.4 - Accelerometer Power Supplies and Filter

The filter removed all frequencies above 4.7 Hz, allowing for a cleaner and more accurate
signal to be recorded. For comparison, two accelerometers were placed on the mast arm
tip, side by side, and in the vertical direction. One accelerometer went through the filter
before going to the data acquisition, while the other one was connected directly to the

data acquisition. The pole was given an initial displacement in the vertical direction with
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adamping device attached. Figures 4.5 and 4.6 are graphs displaying the normalized

acceleration vs. time of the filtered and non-filtered acceleration data respectively.
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Figure4.5 - Filtered Acceleration Data
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Figure4.6 - Non-Filtered Acceleration Data
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A wire-LVDT, asin Figure 4.1, was once again fixed relative to the mast arm and
attached to the tip at the same location of the accelerometers. The LVDT displacements
were used to compare the displacements cal culated from the acceleration data. Once a
set of acceleration data was recorded, it was integrated twice with the trapezoidal ruleto
obtain displacements. However, the acceleration data still contained some noise (higher
frequencies), thus causing the calculated displacement datato blow up. Two steps were
necessary in order to solve this problem. First, a Fast Fourier Transform (FFT) was
performed on the acceleration data before it was integrated and all frequencies above the
natural frequency of the structure were removed mathematically. Sample graphs of the
acceleration data before and after the FFT filtering can be seen in Figures 4.7 and 4.8
respectively. Next, a centering function, written by Dr. Gary Consolazio, was applied to
both the velocity and displacement data following each integral. Figures 4.9 and 4.10
show the effects of the displacement data blowing up and the application of the centering
function to that data respectively. Once properly filtered, centered, and integrated, the
acceleration data produced displacements within 1/2 in of the LVDT displacements. Itis
important to note that this 1/2 in discrepancy was due to the intense banging of the
damping device, and was aworst-case error. A large majority of the tests had
displacement discrepancies, between the acceleration dataand LVDT data, well below
1/10in consistently. The LVDT and accel erometer-cal culated displacement data for the
free vibrations without dampers were identical. Therefore, the accelerometers were
determined to be reliable sensors for acquiring displacements of the tested mast arms.
The MathCad worksheet used to manipulate all the recorded data, including the wind data

in the next section, islocated in Appendix A.
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Figure4.7 - Acceleration Data Before FFT Filtering
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4.5 Wind I nstrumentation

Wind speed and direction data were needed to help understand what forces
existed during the testing of a mast arm structure in Tampa. The R.M. Y oung Wind
Sentry 3001 anemometer and vane was selected to acquire this data during the field-
testing. The anemometer generates an AC sine wave signal induced by a rotating magnet
on athree-cup wheel shaft. The wind speed can be measured by recording the
anemometer’s sine wave, extracting the sine wave' s frequency, and applying it to the
factory calibration. The vane is made up of a precision conductive plastic potentiometer.
It requires an excitation of 2.5 Volts. Asthe vane spins, its output ranges from 0 Volts to
2.5Volts. Wind direction can be determined as long as the direction of zero voltageis

known. The anemometer and vane are pictured in Figure 4.11.

Figure4.11 - Anemometer and Vane
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4.6 Instrument Effects on Mast Arm Structures

One concern that came up before the field-testing took place was whether or not
the instrumentation and their wires would have an effect on the mast arm’ s natural
damping and frequency. So, the entire setup was placed on to the lab mast arm and tested
under free vibration. Thiswas compared to the results of the mast arm without the wires
attached along the structure to its base. There was a 0.59% change in the systems
frequency and a4.27% changein its natural damping. Therefore, it was concluded that

the instruments had minimal effects on the mast arm’s natural response characteristics.



CHAPTER 5
PRELIMINARY MAST ARM TESTING

5.1 Introduction

Four mast arm structures were used throughout this research. They include the
University of Floridalab mast arm, two of the arms tested by Kalgjian in Gainesville,
Florida, and one structure in Tampa, Florida. The first three structures were selected for
their close proximity to the University and their range of frequencies. As reported by
Kalgjian, these three structures contain a good range of the natural frequencies that
cantilevered mast arms possess. The Tampa mast arm has been observed, by the FDOT,
to oscillate on aregular basis. Therefore, it was selected in order to test the final
damping device on a pole that would be susceptible to wind-induced vibrations.

The purpose of this chapter is to define the four tested mast arms, discuss how
they were tested, present their natural vibration results, and compare those results to

computer modeling.

5.2 Mast Arms
The 37 ft lab mast used was fully described in Chapter 3. The cantilevered
structures tested in Gainesville were 70 ft long and 40 ft long. Both structures were
located at the intersection of SW 34™ St. and SW 47" Ave. Dimensions of the longer
pole and a photograph of it can be seen in Figures 5.1 and 5.2 respectively. The same can

be seen for the short polein Figures 5.3 and 5.4 respectively. The details of the mast arm
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in Tampa are located in Figures 5.5 and 5.6. This mast arm was 66 ft long and located at

the intersection of Ulmerton Rd. and Egret Blvd.
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Figure5.1 - Gainesville Long (70ft) Mast Arm Dimensions

Figure5.2 - Gainesville Long (70ft) Mast Arm
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Figure 5.3 - Gainesville Short (40ft) Mast Arm Dimensions

Figure5.4 - Gainesville Short (40ft) Mast Arm
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5.3 Testing Procedures

The lab mast arm, Gainesville mast arms, and Tampa mast arm were each tested
inasimilar manner. First, the arms were instrumented with the vertical and horizontal
accelerometers at their tips. Once the data acquisition was in place, each structure was
given six different types of initial displacement and allowed to oscillate freely without a
damping device attached. The poles were given asmall and large vertical displacement,
horizontal displacement, and diagonal displacement. The diagonal displacement was
performed so its vertical and horizontal components could be compared to the vertical
and horizontal displacements respectively. The small and large displacements were
performed to determine if the percent critical damping of the mast arm was dependent on
amplitude. Next, the dampers were attached, and the process was repeated. All this data
resulted in each mast arms’ percent critical damping and natural frequency with and
without a damper attached.

The percent critical damping used in this entire research was determined with the
method of logarithmic decrement. Critical damping is the rate at which the amplitude, of
an oscillating structure, decreases relative to time. Percent critical damping, &, is

approximately equal to:
g;i.l.m(EJ
27 n y2

In this equation, y; isthefirst peak in a set of decaying data, y- is the second peak in that
set of decaying data, and n is the number of cycles occurring betweeny; andy,. The

Mathcad worksheet used to perform these calculationsis located in Appendix A.
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Although knowing the percent critical damping of a mast arm with and without a
damper attached is useful in selecting a device, the previous free vibration testing is not
representative of the type of wind loading that occursin the field. None of the four wind
phenomena, mentioned in Chapter 2, are capable of inducing alarge initial displacement
on amast arm like the previoustest. Vibrations of cantilevered structures are initiated
from at rest states and build up amplitude due to sustained wind loading or wind gusts.
The best way to test wind-induced vibrations in alaboratory setting would beto use a
wind tunnel on a scale model of amast arm. Evenif the University of Florida Civil
Engineering department had awind tunnel for testing, it still would not be easy to
generate the wind loading phenomena mention in Chapter 2. In attempting to smulate
wind-induced vibrations, it was necessary to excite the mast arms with some sort of
sinusoidal loading. This need was fulfilled with the development of an eccentric mass
and motor device.

The eccentric mass and motor device contained a motor with an extended shaft.
The shaft had a threaded rod attached perpendicular to it with a5 Ib mass attached to the
end of therod. This vibration excitation device can best be understood by observing the
photographs of it attached to the lab mast arm in Figures 5.7 and 5.8.

The idea behind the eccentric mass and motor device was to rotate the mass about
the shaft at approximately the same frequency as the mast arm structure. It was believed
that this would excite the arm from its at rest position and continue to increase its
amplitude of displacements. The main concern with this vibration excitation device was
that it might not produce oscillations in the vertical direction, and instead in the

horizontal direction. Fortunately, the device performed predominately in the vertical
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Figure 5.8 - Eccentric Mass and Motor Device (Photo 2)




64
horizontal direction. Fortunately, the device performed predominately in the vertical
direction. It was then used in the testing of the lab mast arm and the two mast armsin
Gainesville. The structure in Tampa was tested for its natural wind-induced oscillations,

and therefore did not need the eccentric mass and motor device for excitation.

5.4 Computer Modeling

Once the free vibration testing of all four mast arms was complete, it was
necessary to check the validity of the data before continuing with the testing of the
damping devices. A dynamic analysis was performed for each structure using the
geometric properties given in Section 5.2. The computer software used was SSTAN
(Structural analysis program written by Dr. Marc Hoit, University of Florida). The
analyses calculated the natural frequencies for the first four modes of each structure as
well as the shape of each mode. Of the four modes, two were in the vertical direction
(perpendicular to the ground) and two were in the horizontal direction (parallel to the
ground). These computer generated natural frequencies were then compared to those
determined from the free vibration testing of each cantilevered mast. The results are
located in Table 5.1. Appendix B contains a sample SSTAN input file from the lab mast
arm structure.

The results from Table 5.1 proved that the natural frequencies from the mast arm
free vibration tests were valid. However, there were some slight percent differences
between the dynamic analyses and the mast arm tests. One possible source of error is
that the finite element models used average cross sections for each foot of the tapered

structure instead of modeling the actual tapered dimensions. Also, the weights used for
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the signal and sign attachments were either taken from actual design calculations or from
FDOT standard design weights, and may not have been the true loads on the structures.
The mast arms over 40 ft are made up of two segments along their cantilevered portions.
These segments contain a 2 ft splice and are held together by abolt. The additional cross
sectional area at the splice was not considered in the dynamic analysis. Finally, the base
of each mast arm was modeled as though it were completely fixed. If the base
connection had any give at all, the computer model would bein error. Given these
chances for error in the finite element modeling, the percent differencesin Table 5.1 were

considered to be acceptable.

5.5 Results
Since the free vibration test results were determined to be valid and the natural
response characteristics of each mast arm were known, the new damping devices were
ready to be tested. The next chapter will introduce the new dampers and present their

results.



CHAPTER 6
DAMPING DEVICES AND RESULTS

6.1 Introduction

As explained in Chapter 3, the purpose of a damping deviceisto decrease the
number and amplitude of wind-induced oscillation cycles of amast arm. The challenge
in this project was to develop a device that would be effective on all types and lengths of
mast arm structures. It was also necessary to concentrate on the horizontal damping
provided by the damper as well as the vertical damping. The target percent critical
damping was 5% for each direction. This chapter will introduce the devices and present
their results in the order of their development. Unlike Kalgjian's results, the free
vibration responses in this chapter will be shown in graphs of the mast arms’ normalized

displacements vs. time.

6.2 Kalajian's Selected Damping Device

This research began with the damping device selected in Kalgjian’s project. His4
into 2 in tapered spring/mass impact damper (four-inch tapered damper) was fabricated
with a steel shell instead of the original PV C shell. This device was composed of a4 in
ID steel pipe, 27 in long, a spring with a stiffness of 1.4 Ib/in, and amass of 15 Ibs. The
mass was a 3.5 in diameter cylinder at 5.5inlong. The total weight of the device was
approximately 40 Ibs. It was tested on the lab mast arm in order to observe the vertical

damping. A picture of this device and its vibration response are located in Figure 6.1 and
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6.2 respectively. By observation, the horizontal damping of Kalgjian's tapered device
appeared to be ineffective on the lab mast arm, therefore no readings were taken in the

horizontal direction.

Figure 6.1 - 4in Tapered Impact Damper
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Figure 6.2 - 4in Tapered Impact Damper Vibration Response
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6.3 Round Impact Damper

At this point, the four-inch tapered damper’ s effectiveness was believed to be due
to the impact action of the device. However, its horizontal damping needed to be
improved. Theideafor the round damping device was to maintain the vertical impacting
while allowing the mass more horizontal movement for better horizontal damping. The
round device was an 18 in OD pipe with a0.25 in thicknessand alength of 6in. A 161b
spherical shot put with a4.5 in diameter was used as the mass. The round device can best
be understood by observing the picturesin Figures 6.3 and 6.4. This device mounted
directly to the tip of the pole as seen in Figure 6.5.

Unfortunately, the round impact damper was ineffective in the vertical direction
and in some cases seemed to induce vibration. Since mitigating the vertical displacement
was the main concern in this research, no readings were taken for this device. However,
the horizontal damping appeared to work very well. Therefore, the idea of allowing more

gpace for the mass to move horizontally was applied to upcoming devices.

Figure 6.3 - Round Impact Damper Figure 6.4 - Round Impact Damper
with Cover Plate without Cover Plate
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Tip of Most Arm

L6lb Mass with Spring

Round Doamping Device /

Figure 6.5 - Round Impact Damper without Cover Plate, and
Connected to the Tip of aMast Arm

6.4 Eight-Inch Tapered Impact Damper

The eight-inch tapered impact device was made out of an 8 in ID diameter, 18in
long, with a1/2 in wall thickness, steel pipe. A 4.5 in diameter spherical shot put,
weighing 16 |b, was used as the mass. The mass was attached to a spring that was
connected to the cap. The device' stotal weight was approximately 80 Ibs. This damper
ispictured in Figure 6.6.

No datawas collected for the eight-inch tapered impact device. The device was
observed on the lab mast arm and performed poorly in both the vertical and horizontal
directions. The impacting seemed to have virtually no effect on the poles’ oscillations.
This made it apparent that the impacting effect of the four-inch tapered damper was not

the sole reason for its performance.



Figure 6.6 - Eight-Inch Tapered Impact Damper

6.5 Long Four-Inch Tapered | mpact Damper

Since both the round damper and the eight-inch tapered impact dampers were
ineffective, the research turned back to Kalgjian’s four-inch tapered device. The round
damper and eight-inch tapered impact damper both had heights of 18 in, while the four-
inch tapered device was 27 intall. And, all three devices used masses within a pound of
each other. If the same masses were used in all three devices, the springsin the two
ineffective devices would have to be either stiffer or shorter, than the spring in the four-
inch tapered device, to fit in their 18 in tall shells. A shorter or stiffer spring would lead
to adifferent damper frequency. This prompted areview of Kalgjian’s damper to seeif it

was tuned to the lab mast arm. Using the natural frequency equation presented in
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Chapter 3, it was determined that the four-inch tapered impact damper had a vertical
frequency of 0.955 Hz. The lab mast arm’s vertical frequency was 1.029 Hz. Although
the four-inch damper and the lab mast arm frequencies were not identical, they were
close, and this suggested the damper was semi-tuned to the structure.

A longer version of the four-inch tapered impact damper was then constructed to
alow for avariety of spring lengths and stiffness, and mass weights. The purpose of this
device wasto be ableto test avariety of damper frequencies on the lab mast arm and the
two Gainesville mast arms. The idea was to determine what range of damper frequencies
would be effective on each of these structures. The shell of thisdevicewas 4 in ID with a
0.25 in wall thickness and alength of 40 in. A threaded rod was placed through the cap
of the device to adjust the height of each spring/mass combination to where the at-rest
position of the mass was one inch from bottom of the damper. When the gap of the mass
was too big or too small, the device was not properly activated. By observation, a one-
inch gap for the mass was the most effective for small, medium, and large initial
displacements of the structure. A cross-sectional drawing and picture of this device,
attached to the lab mast arm, are in Figures 6.7 and 6.8 respectively.

For the first series of tests, the weight of the mass was held constant at 15 |bs and
the spring lengths and stiffness were varied. The frequency of each spring/mass
combination was calculated with the natural frequency equation from Chapter 3. Then,
an accelerometer and the data acquisition were used to perform afree vibration test of
each spring/mass combination and the actual natural frequency was determined. A
comparison of the calculated and actual frequencies for the different spring/mass

combinationsislocated in Table 6.1.
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v,

Figure 6.7 - Cross Section Drawing Figure6.8 - Long 4 in Tapered
of Long 4 in Tapered Impact Impact Damper
Damper

Table6.1 - Spring/Mass Natural Frequency Comparisons
(Mass held constant at 15 Ibs)

Spring | Stiffness Calculated Actual Awerage Actual Fercent
# {Ibin] Frequency (Hz) | Frequency (Hz) | Frequency (Hz) Difference
1 1.2 0.885 0875 | 0.582 0.5378 0.7 %
2 1.4 0.956 0.990 | 0.933 0.3539 3.5%
3 1.045 0.826 0349 | 0845 0.347 26%
4 2.4 1.251 1.262 | 1.238 1.245 0.5%
5 5.7 2.09 2141 | 2146 2144 2.5%
G 0.69 0671 0631 | 0677 0.579 1.2%
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Since the Gainesville long mast arm, the lab mast arm, and the Gainesville short
mast arm had natural frequencies of 0.724 Hz, 1.029 Hz, and 1.150 Hz respectively, the
above mentioned spring/mass combinations were acceptable for determining the range of
damper frequencies that would work the best on each pole. The testing procedure, for the
different damper setups on these three mast arms, was similar to the free vibration testing
mentioned in Chapter 5. A small and largeinitial displacement was given in the vertical,
horizontal, and diagonal direction for each pole combined with each of the long four-inch
tapered dampers’ setups. The average vertical and horizontal percent critical damping
values were then calculated. Figures 6.9, 6.10, and 6.11 are graphs of the percent critical
damping vs. the damper period for the Gainesville short mast arm, the lab mast arm, and

the Gainesville long mast arm respectively.
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Figure6.9 - Long 4 in Tapered Impact Damper on Gainesville Short
Mast Arm (Variable Springs with Constant Mass (15 b))
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Figure6.10 - Long 4 in Tapered Impact Damper on Lab Mast
Arm (Variable Springs with Constant Mass (15 Ib))
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Figure6.11 - Long 4 in Tapered Impact Damper on Gainesville Long
Mast Arm (Variable Springs with Constant Mass (15 b))
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The plots of percent critical damping vs. damper frequency for the lab and
Gainesville mast arms indicated that the damping device does need to be semi-tuned to
the structure. Although the horizontal damping remained constant, the effective range of
the frequencies for the device' s vertical direction damping seemed to be approximately
0.75to 1 times the frequency of the pole it was attached to. The plots clearly show that
the damper is less effective when its spring/mass frequency is greater than the pole that it
isconnected to. This explains why the round and eight-inch tapered dampers were
ineffective on the lab mast arm. They contained stiffer springs than the four-inch tapered
device, thus making their frequencies higher than the lab mast arm’s.

The second series of tests, with the long four-inch tapered damper, involved
changing the weight of the mass while maintaining the damper frequency. The damper
frequency was held constant by adjusting the spring/mass combination. Once again, the
mass was placed one inch from the bottom of the damper during its at-rest position. This
procedure was done for three separate cases. These cases are defined in Table 6.2.

Figures 6.12, 6.13, and 6.14 show the results of testing for the three cases respectively.

Table6.2 - Spring/Mass Combinations for Long 4 in Tapered Impact
Damper (Variable Mass Testing)

Case Mlast Lrrm Stiffness Mass Calculated

# Tested {Ibfin) [{1s)] Frequency (Hz)
1.2 15 0.88
1 Lab 1.4 17.5 0.88
2.4 30 0.88
1.045 15 0.3
2 Lab 1.4 20 0.3
2.4 34 0.83
. . 1.045 15 0.83
3 Gainesville Lang 54 = e
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Figure6.12 - Variable Mass Testing for Long 4 in Tapered Impact
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Figure 6.13 - Variable Mass Testing for Long 4 in Tapered Impact
Damper (Case 2)
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Figure 6.14 - Variable Mass Testing for Long 4 in Tapered Impact
Damper (Case 3)
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The results of the variable mass testing indicated that as the weight of the mass
inside the damper gets heavier, the percent critical damping in the vertical direction of the
mast arm increases amost linearly. Although it was not as significant, the horizontal
damping aso increased linearly with an increase of the mass' s weight.

This concluded the testing of the long four-inch tapered impact damper.
However, the only good information given for the horizontal damping was that it
increases with a heavier massin the device. This prompted further testing to improve the
critical damping of the mast armsin their horizontal directions. First, the natural
frequency of the spring/mass combination in the horizontal direction was compared to
that of the lab mast arm. Second, alarger diameter shell was used to alow for a bigger

gap between the mass and the damper’s side walls.

6.6 Horizontal Damping Test

The natural frequency, f, of a mass hanging from a string is dependent on the

length, L, from the top of the string to the centroid of the mass, and gravity, g.

(o1 [g
2-r \L

This equation was used to determine what spring lengths would be necessary for a

damper to match the lab and Gainesville mast arms. Table 6.3 shows these results.
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Table 6.3 - Spring Lengths Required to Match Damper
and Mast Arm Horizontal Frequencies

Haorizontal Required
Mast A Freguency (Hz) L (in]
Gainesville Short 1.055 8.0
Lah 0.927 11.4
Gainesville Long 0.5/6 21.4

Since the damper’ s frequency needed to be smaller than that of the mast arm it
was placed on in order to increase vertical damping, the same concept was applied to the
horizontal damping. Thistest started by attaching a6 in 1D pipe to the tip of the lab mast
arm. The pipewas 48 inlong and had awall thickness of 0.25in. A cap was then placed
on top of the pipe with a string hanging down the center of the pipe. A 15 Ib mass was
then hung from the string to provide an array of lengths, from the top of the string to the
centroid of the mass, ranging from 8 into 40 in. The mast arm device was given an
initial horizontal displacement for each setup and the horizontal percent critical damping
was determined. The results are presented graphically, in two different forms, in Figures
6.15 and 6.16.

The results of the horizontal damping test were similar to the vertical damping
test in that the percent critical damping increased when the damper’ s frequency was less
than the mast arm it was tested on. The most effective range for the lab mast arm was
when the frequency of the damper was 0.5 to 0.7 times the arm’ s horizontal frequency.

Thisresulted in arange of spring lengthsfrom 20 into 35in.
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6.7 Semi-Tuned Tapered Impact Damper — Final Design

The idea behind the semi-tuned tapered impact damper was to combine every
effective damping aspect of the previous dampersinto one final design. The parameters
in the device' s design were as follows:

1. Damper’ s vertical frequency approximately 0.7 Hz.

2. Damper’s horizontal frequency approximately 0.6 Hz (L=25 in to 30 in).
3. Use six-inch steel pipe for the shell with ataper at the bottom.

4. Use four-inch diameter mass.

5. Prepare two devices with total weights of 40 |bs and 80 Ibs.

6. Minimize shell weight and maximize internal mass weight.

7. Limit device' s overall length to 4 ft.

Asisindicated in the above parameters, two devices were designed and built.
Both devices were made of 6 in ID steel pipe with awall thickness 1/8 in. The thin wall
was used to help minimize the total weight of the shell. Thefirst device was 3 ft long and
contained a spring with a stiffness of 0.69 Ib/in and a4.2 inlong, 4 in diameter, 15 |b
cylindrical mass. The total weight of this device was 43 |bs. Figures 6.17 and 6.18 show
across-sectional drawing and a photo of the 3 ft tapered impact damper attached to the
tip of the lab mast arm. The weight of this device was considered to be safe for
implementing on existing structures and therefore was tested on the all four mast arms
from thisresearch. The results of all the free vibration responses and eccentric mass and
motor responses, with and without the 3 ft tapered impact damper, are located in Figures

6.19 through 6.32.
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AN

Figure6.17 - Cross Section Drawing of 3 ft Tapered Impact Damper

Figure 6.18 - 3ft Tapered Impact Damper
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Figure 6.19 - Free Vibration of the Lab Mast Arm
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Figure 6.20 — Free Vibration of the Lab Mast Arm
with 3 ft Tapered Impact Damper
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Figure 6.21 - Eccentric Mass and Motor Vibration
of the Lab Mast Arm
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Figure 6.22 - Eccentric Mass and Motor Vibration of the Lab Mast Arm
with 3 ft Tapered Impact Damper
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Figure 6.23 - Free Vibration of the Gainesville Short Mast Arm
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Figure 6.24 - Free Vibration of the Gainesville Short Mast Arm
with 3 ft Tapered Impact Damper
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Figure 6.25 - Eccentric Mass and Motor Vibration of the
Gainesville Short Mast Arm
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Figure 6.26 - Eccentric Mass and Motor Vibration of the Gainesville
Short Mast Arm with 3 ft Tapered Impact Damper
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Figure 6.29 - Eccentric Mass and Motor Vibration of the
Gainesville Long Mast Arm
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Figure 6.30 - Eccentric Mass and Motor Vibration of the Gainesville Long Mast Arm
with 3 ft Tapered Impact Damper
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Figure 6.32 - Free Vibration of the TampaMast Arm
with 3 ft Tapered Impact Damper
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The second device was 4 ft long and contained a spring with a stiffness of 2.1
Ib/inand al12inlong, 4 in diameter, 43 Ib cylindrical mass. The total weight of this
devicewas 79 |bs. Although this device istoo heavy to be added to existing mast arm
structures, it could be placed on new structures that are designed for itsweight. Using the
mast arm design program offered by the FDOT, it was determined that an 80 |b device
would increase the moment at the base of the long Gainesville mast arm by 8% and the
short Gainesville mast arm by 15%. This moment increase was deemed excessive and
therefore the 79 |b device was only tested on the lab mast arm. A drawing and picture of
the 4 ft semi-tuned tapered damper are in Figures 6.33 and 6.34 respectively. Thefree

vibration and eccentric mass and motor testing results for this damper are presented in

Figures 6.35 and 6.36 respectively.
S
Figure 6.33 - Cross Section Figure6.34 - 4 ft Tapered
Drawing of 4 ft Tapered Impact Damper

Impact Damper
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Figure 6.35 - Free Vibration of the Lab Mast Arm
with 4 ft Tapered Impact Damper
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Figure 6.36 - Eccentric Mass and Motor Vibration of
the Lab Mast Arm with 4 ft Tapered Impact Damper
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Tables 6.4 and 6.5 give abrief summary of all the results of the semi-tuned
tapered dampers. The first one shows the percent critical damping values determined and
the other indicates total movement of the mast arms under the influence of the eccentric

mass and motor device.

Table 6.4 - Summary of Percent Critical Damping Values
for Each Tested Mast Arm

__ 3 ft Tapered Impact | 4 ft Tapered Impact
Mlast Arm Free Yibrations Dampet Damper
“erical |Horizontal] “ertical |Horizontal] “ertical |Horizontal
Lah 0166% | 0.189% | 7.28% 3.02% 13.6% B.63%
Short Gainesville 0111% | 0.316% | 2.18% 1.54% P&, MA
Long Gainesville 0.146% | 0.604% 1.40% 1.36% M2, A
Tampa 0107% | 1.528% 1.39% 1.69% M2, M

Table6.5 - Summary of Total Displacements Allowed by the
Dampers Under the Influence of the Eccentric Mass and Motor Device

Mast A 3 ft Tapered Impact Damper | 4 ft Tapered Impact Damper
“ertical (i) | Harizantal (in)] “Wertical {in) [ Harizantal iin)
Lab 1.40 0.95 1.12 1.01
=hornt Gainesville 1.50 1.53 MA A
Long Gainesville 228 1.75 A A

The target percent critical damping for this research was 5% for both the vertical
and horizontal directions. Both semi-tuned tapered dampers exceeded this value on the
lab mast arm, with the exception of the 3 ft device’ s horizontal direction. The 4 ft device
performed exceptionally well. However, the values were consistently lower than 5%
with the 3 ft damper on the Gainesville and Tampa mast arms. They averaged at about

1.5% critical damping for each arm. But, these low numbers were not as bad as they first
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seemed. The results of the eccentric mass and motor vibrations showed that both devices
restricted the mast arms’ movements to an average of 1.5 in in the vertical and horizontal
directions. With thisin mind, it appears that the target 5% critical damping value was

overkill.

6.8 Conclusion

The 3 ft semi-tuned tapered impact damper was selected as the best method for
mitigating vibrationsin the tested structures. This device was semi-tuned to the range of
frequencies seen in the majority of mast arm cantilevers. The damper’s spring/mass
combination will alow it to be the only damper necessary for all signal structures.

The 3 ft semi-tuned tapered impact damper performed well due to its mass and
spring mechanics. Asamast arm oscillates upward in the vertical direction the mass
would extend the spring allowing it to impact and rest on the bottom of the damper’s
shell. This provided adownward force from the mass onto the cantilever as it attempted
to move upward. Then, as the mast arm switches directions to move vertically
downward, the spring pulls the mass away from the bottom of the damper shell with its
built up tensile forces. This allows the cantilever to oscillate downward with only the
effects of gravity onit. Theweight of the massis absorbed by the spring. The horizontal
damping was effective due to the mast arm having to overcome the mass in the damper as
it impacted and pushed against the side-walls of the shell.

Once an optimal damper was selected, it was time to place it on a pole that was
known to be susceptible to wind-induced oscillations. The mast arm in Tampa had been

reported by the FDOT to undergo significant movement on aregular basis. Chapter 7
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describes the field-testing procedures and results for the natural vibration testing of the

mast arm in Tampa.



CHAPTER 7
FIELD TESTING IN TAMPA, FL

7.1 Introduction

The field-testing in Tampa, Floridatook place at the intersection of Ulmerton Rd.
and Egret Blvd. The mast arm on the SE corner was reported by the FDOT to undergo
significant visible movement on aregular basis. The 66 ft cantilever spanned a three-lane
road that contained heavy automobile and truck traffic at speeds of 45 to 55 mph. The
sitewas aso in aflat and windy area. The surrounding environment was very conducive
to wind-induced oscillations of the structure. A plan view of the intersection islocated in

Figure 7.1.

|

A

Figure7.1 - Plan View of TampaMast Arm Intersection
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7.2 Procedure
The first step for the Tampa testing was to instrument the mast arm. Two
accelerometers were needed at the tip of the arm and the anemometer and vane were
needed at the top of the pole. The accelerometers were housed in awaterproof metal box
that was connected to the tip of the cantilever. Accelerometer wires were then attached
along the structure from the box to the base of the pole. Wires were al'so connected from
the anemometer and vane to the base of the pole. The mast arm base was located on a
built up grassy island. The data acquisition was placed there during testing in order to

connect the sensor wires. Figure 7.2 shows the instrumentation setup.

frrancheter and
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Figure 7.2 - Instrumentation Setup for Tampa Mast Arm

Once the instrumentation was in place, data readings were taken from the mast

arm without a damper placed on it. Thiswas done to get an idea of how much the
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structure moved under its natural conditions. Several random data sets were recorded on
four separate days. These data sets were approximately two minuteslong each. The
wind direction, wind speed, and mast arm tip displacements were then obtained from the
data. Next, the 3 ft semi-tuned tapered impact damper was attached to the tip of the mast
arm. Similar datareadings were taken to see how much the structure moved with the

damping device in place.

7.3 Results
The data of most interest was when the winds were either out of the west or east.
The winds from the west were in the direction of traffic (impacted the front of the
structure), while the winds from the east were into the traffic (impacted the back of the
structure). Results will be presented from winds impacting the front and back of the mast

arm in the 90-degree range on each side of the mast arm indicated in Figure 7.3.

Figure 7.3 - Range of Wind Directions for Test Results



98

Figures 7.4 through 7.7 present the displacement vs. wind speed data for the Tampa mast

arm with and without the 3 ft tapered impact damper attached.
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with the 3 ft Tapered Impact Damper (Winds on the Front)
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with the 3 ft Tapered Impact Damper (Winds on the Back)
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7.4 Conclusion

The results from the Tampa natural vibration testing were somewhat limited but
very useful nonetheless. The winds only exceeded 10 mph during one of the days of
testing. The remaining days produced informative data, but did not offer a wide range of
wind speeds. Therefore, the ability of the damper to resist large displacements (ie.
greater than 8in) is still unknown.

The vibrations of the mast arm without the damper attached proved to occur
predominately in the horizontal direction with the wind on the front of the structure, but
occurred in both the vertical and horizontal directions with the wind on the back of the
structure. It isimportant to recall that Kaczinski et al. [5] reported similar results for
cantilevered mast arm structures. They indicated that these structures are more
susceptible to galloping and slight vortex shedding when winds are from the rear, the
signals are mounted vertically, and when backplates are used on the signals. These
conditions all existed on the Tampa structure at one point. If the vertical and horizontal
displacement linesin Figure 7.6 were to be extrapolated to higher wind speeds, it is
possible the Tampa mast arm could and does experience large movements in both
directions as aresult of these conditions. The horizontal natural vibration movement
from the frontal winds was predominately due to the combination of wind and truck
gusts.

The 3 ft tapered damper performed exceptionally well in the vertical direction of
motion. It restricted the mast arm to approximately 0.4 in displacement with wind
conditions on both the front and back of the structure. If the vertical displacement lines

in Figures 7.5 and 7.7 were to be extrapolated to greater wind speeds, an increase in
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allowed displacements would not be expected. The damper limited the horizontal motion
when winds were on the back of the structure, but did not perform as well with wind on
the front of the structure. Although, the horizontal displacements with the damper were
lower than those without the damper, they still tended to increase with increased wind
speed. However, the pole’ s movement slowed much quicker, when the winds ceased,
with the damper in place than it did without it.

Overadl, the 3 ft tapered impact damper performed very well. One test day
produced wind gust measurements as high as 25 mph, with an average wind speed of 17
mph (See Figure 7.5). The remaining three mast arms at the Tampa intersection were
observed to move considerably, while the test structure was held to approximately 0.5in
vertically and 1.2 in horizontally. This researcher estimated the other three structures to
each bemoving 4 to 6 in vertically and 2 to 4 in horizontally. Therefore, it is believed
that the 3 ft tapered impact damper is effective in preventing excessive displacementsin

mast arm structures as well as reducing the amount of wind-induced oscillations.



CHAPTER 8
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

8.1 Summary

The purpose of this research was to develop a damping device to mitigate wind-
induced vibrations in cantilevered mast arm signal structures. A mast arm was
constructed at the University of Florida structures laboratory. The lab mast arm and two
existing mast armsin Gainesville, Florida were used to test the devel oped damping
devices. Thefinal damper design was tested on amast arm in Tampa, Floridadue to its
susceptibility and history of wind-induced oscillations.

This research started with aliterature review based on the types of wind
phenomena that cause wind-induced vibrations in mast arm structures. It was determined
that vortex shedding, galloping, natural wind gusts, and truck-induced wind gusts can all
be responsible for the movement of these cantilevered structures. Vortex shedding was
probably the least likely cause of oscillations due to the tapered geometry of most
horizontal cantilevers. However, it is possible that vertically mounted lights could
experience vortex shedding enough to initiate galloping. Galloping was probably the
main cause of excessive vibrations. The galloping phenomena can occur with winds
from virtually any direction. Natural wind gusts were not thought to be the main cause of
fatigue failure, but they are significant enough to be considered. Finally, truck-induced
wind gusts cause relatively small and quick vibrations. However, some roads have high

volumes of truck traffic and can inflict numerous oscillation cycles on a structure.

102
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Next, the FDOT report by Michael A. Kalgian was reviewed. Kalgjian'sreport
was the base for the research performed in this paper. Severa types of damper’s were
built and tested by Kalgian. Some of his dampers included adaptations to Stockbridge
dampers, liquid dampers, spring/mass tuned dampers, double spring/mass system
dampers, and a woodpecker damper. Kagian'sfinal devicewasa4 into 2 in tapered
impact damper. This device was the starting point for the research in this paper.

The first two devices devel oped were an attempt to maintain the vertical percent
critical damping of Kalgjian’s device, while increasing the horizontal percent critical
damping. They were around impact damper and an eight-inch tapered impact damper.
However, due to the height of each device, neither one was effective in the vertical
direction. But the round device was effective in the horizontal direction. From herea
longer version of the 4 in to 2 in tapered impact damper was built to better understand
what range of damper frequencies were effective on certain mast arms. Also, asix-inch
diameter pipe was used to test what horizontal frequencies (spring lengths) were most
effective on certain poles. Parameters were then set forth for an optimal device to be
designed from. From these parameters, two devices were built weighing 40 Ibs and 79
Ibs. The 79 Ib device was determined to be overkill in design and unsafe for
implementing of existing mast arm structures. The 40 Ib device (3 ft tapered impact
damper) became the selected device for this research.

The selected damper provided approximately 1.5 percent of critical damping, in
the vertical and horizontal directions, on the primary mode of each existing structure
tested. It aso restricted the vertical and horizontal movement of the lab and Gainesville

mast arms to 1.5 in when subjected to the eccentric mass and motor device (sinusoidal
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vibration excitation device). The selected damper was also placed on the Tampa mast
arm and tested against natural wind vibrations. It restricted vertical movement of the
cantilever to approximately 0.4 in with wind gusts up to 25 mph and sustained winds up
to 17 mph. The damper only slightly reduced the arm’s movement in the horizontal
direction but was very effectivein bringing it to a stop quickly after wind gusts. Overall,
it isbelieved that the 3 ft tapered impact damper would be effective in preventing
excessive displacements in cantilevered mast arm structures as well as reduce the amount
of wind-induced oscillations.

The fabrication drawings that will be used in the specification for the 3 ft tapered

impact damper are located in Appendix C.

8.2 Conclusions

The results of this study indicated the following:

e the dominant frequencies present in the mast arm structures are in the
approximate range of 0.6 Hz and 1.4 Hz.

e natural frequencies of mast arm structures can be determined within
approximately 5% accuracy using aline model dynamic analysis.

e the spring/mass combination in adamper for mast arm structures needs to be
semi-tuned to approximately 0.7 Hz for optimal vertical damping.

e the spring length in a damper for mast arm structures needs to be between 25 in
and 30 in for optimal horizontal damping.

e aoneinch gap between the damper’s mass and shell during its at rest state

provides optimal percent critical damping.
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e A high percent critical damping does not insure the most optimal damper.
o thefatigue failures occurring in mast arm structures can be reduced with the
implementation of the 3 ft tapered impact damper.
o the 3 ft tapered impact damper successfully increased the percent critical damping
of the tested mast arms and reduced the wind-induced displacements on the

Tampa mast arm.

8.3 Recommendations

Although the selected device performed well at mitigating wind-induced
vibrations, it still needs to be tested under higher wind speed conditions. The device will
also need to be galvanized in its final state to protect it against the elements. The damper
isnot loud at the device when it impacts, but it can be heard at the base of the pole. The
noise needs to be eliminated while maintaining the effectiveness of the damper. Finally,
astandard signal attachment bracket was used to mount the damper to the test mast arms.

However, afinal attachment bracket will need to be specified.
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APPENDIX A
SAMPLE DATA MANIPULATION MATHCAD WORKSHEET

Read in the given data ...

time:= READPRN "Time.prn.txt")

V_accel :=READPRN"VA.prn.txt")

H_accel := READPRN "HA.prn.txt" )

Anemometer := READPRN "Anemometer.prn.txt" )

Vane := READPRN "Vane.prn.txt" )

Determine the time step ...

max time)

hi=—— 7
last(time) — 1

h =0.01 (sec)

Use smoothing in the worksheet? ...

no:=0 yes =1 smoothing_active :=yes

Plot all the given data ...

ndata :=last(V_accel) ndata = 3313

end = maxtime) end =33.12

i :=1.. ndata

V acod. i< V_accel, Note: The 1.58 value is due to a voltage
—acee, = 158 amplification in the accelerometer filter

H accel. i= H_accel, Note: The 1.58 value is due to a voltage
_acee, = 158 amplification in the accelerometer filter

time :=i-h

106
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V_accelI 1A
-100 | | | | | |
0 5 10 15 20 25 30
time,
1
100
H_accelI oK
-100 | | | | | |
0 5 10 15 20 25 30
time,
1
Pad the data for a Fast Fourier Transform ...
nfft(ndata) = |a—1
De— 2a
while ndata>b
a—a+1
b 22
b
nfft := nfft(ndata) nfft = 4096
itmp:=1,2.. ndata V_accel., =V _accel. H_accd.. :=H accel
itmp itmp itmp itmp
itmp :=ndata + 1.. nfft V_accel. =0 H_acce., =0
itmp itmp
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Perform a Fast Fourier Transform & filter the data at 1.5 Hz ...

i:=1,2. nfft time :=i-h V =FFT(V_accel) H:=FFT(H_accel) ji=1last(V)
T-bar: T_:=nfft-h Freq.  in rad/sec : o_red_s; = 2'.I'n_.j Freq. o in Hz : f_Hz ::Tl_
20 20
i\'Z 10 - EZ 10 -
%o 10 %o 10

—_
T o
—N

5
f_Hz
]

filter(val ,index, limit) :=if(index>limit, 0, val) \ ::filter<\/j,f_HzJ,1.5> H ::filter<Hj,f_HzJ,1.5>

20 20
V. |2 L - H. |-2 L —
j ‘ 10 ‘ i ‘ 10
L L
0 M_Lu | 0 ui . |
0 5 10 0 5 10
f_Hz f_Hz
] ]
V_accel :=1FFT(V) H_accel :=1FFT(H) i :=1.. ndata
Plot the filtered data ...
100 T
-100 | | | | | |
0 5 10 15 20 25 30 35



Determine the Vertical period of the system based on the vertical acceleration data ...

u” ::V_ac:celi

start(u") i= |j1

Peaks(u") =

i1( Peak) 1=

c(Peak) =

109

ut =t if u20
0 otherwise
start :=start(u") start =373
while u"j¢ma>( u")
jej+1
j
for je 1..(start - 1) Peak :=Peaks(u") k:=3000.ndata Peak
Peak]]<—0
Peak2 0 60
! o
for je start..ndata N
Peakle |u" if u"<u" Rl IS 7
] j -1 - %
0 otherwise i °°<>
. ¢ L ® o _
for je (start — 1).. ndata 20 0%
Peak2— |u if Peakl>Peakl _, eo
0 otherwise 0 '
0 2000 4000
Peak?2 [
il—1 i2(Pesk) i= |i2—-0
while Peaki1=0 for tempie 1..ndata
ileile 1 1212 11 Peak;gy =0
il i2—tempi otherwise
i2
c—0
for ie 1..ndata i1:=i1( Peak) i1=374
c—c if Peak=0 i2:=12( Peak) i2= 2960
C—c+ 1 otherwise ¢ :=c(Peak) c=17
c
timelz— timeIl
V_Period:= V_Frequency i=————
c-1 V_Period
V_Period = 1.616 V_Fregquency =0.619

K

0
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Determine the Horizontal period of the system based on the horizontal acceleration data ...

u", i=H_accel,

start(u") i= |j1

Peaks(u") =

i1( Peak) 1=

c(Peak) =

u = ut i u20
0 otherwise
start :=start(u") start =384
while u"j¢ma>( u")
jej+1
j
for je 1..(start - 1) Peak :=Peaks(u") k:=3000.ndata Peak
Peaklj<—0
Peak2— 0 80
for je start..ndata 60 ¢ _
Peakl e [u" if u"<u" 3
] j -1 - 0o
0 otherwise i A0 n
o %0
for je (start — 1).. ndata
) 20 0000 —
Peak2« [u", if Peskl>Peskl 000
0 otherwise 0 '
0 2000 4000
Peak?2 [
il—1 i2(Pesk) i= |i2—-0
while Peaki1=0 for tempie 1..ndata
il i2—tempi otherwise
i2
c—0
for ie 1..ndata i1:=11( Peak) i1=2385
c—c if Peak=0 i2:=i2( Peak) i2=2970
C—cC+ 1 otherwise ¢ :=c(Peak) c=16
c
timelz— time|1
H_Period := H_Frequency i=———
c-1 H_Period
H_Period = 1.723 H_Frequency =0.58

K

0
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Define smoothing function ...

uv"; 1=V _accel, uh”, :=H_accel,
w_smooth(vy,b,h) := npnteif[[/% E]— floor[ <E> -E]<O.5,floor[ /E> E},ceil[ b EH
\h/) 2 h) 2 \h/) 2 h/ 2
N last(vy)
for ie ORIGIN. n
n_haf«0

n_haf« (i— ORIGIN if i<npnt
n_hafenpnt if (i— ORIGINZnpnt)-(i<(n- npnt))
n_hafe (n-i) if i>(n- npnt)
sume« 0.0
for je (i— n_haf).. (i+ n_half)
SUMe—SUM + vy,

sum
fe_ UM
" 14 2.n_hdlf

smooth(vy,b,h) := | fw_smooth(vy,b,h) if smoothing_active =yes
for ie ORIGIN. last(vy) otherwise
fi<—0

Define trapezoid rule function ...

trapezoid(f,h) := [fint 0
for ie ORIGINt 1.. last(f)

"'E'/f'—l"'fi)

fintfint, _ f;
2

1

fint
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Integrate the acceleration and velocity data to obtain displacements ...

uv' :=trapezoid(uv", h) uh' :=trapezoid(uh", h)

uv'center :=smooth(uv',V_Period, h) uh'center :=smooth(uh',H_Period, h)
UV’ iUV’ — uv'center, uh’, :=uh’, — uh'center

uv =trapezoid(uv', h) uh :=trapezoid(uh', h)

uvcenter :=smooth(uv,V_Period, h) uhcenter :=smooth(uh,H_Period, h)
uv, i=uv, — uveenter, uh, :=uh, — uhcenter,

Plot the calculated displacement data ...

ti me,
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Plot the peaks of the displacement for percent critical damping calculations ...

uv_temp. := Juv. if uv.20
| | I

0 otherwise

start(uv_temp) = |j1
while uv_tempj #max uv_temp)

jej+1

start :=start(uv_temp)

v_peaks(uv_temp) = | for je 1. (start — 1)
Peali<—0
Peak2J<—0
for je start.. ndata
Peak]]<— uv_tempj if uv_tempj<uv_tempj_ 1
0 otherwise
for je (start — 1).. ndata

Peak21<— uv_tempj if Peak:I]>Peak]]_l

0 otherwise

Peak2

uh_temp, := |uh, if uh,20

0 otherwise
start(uh_temp) = |je1

while uh_tempj #max(uh_temp)

jej+1

start :=start(uh_temp)



h_peaks(uh_temp) :=
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for je 1..(start — 1)
Peali<—O
Peak21<—0
for je start.. ndata
Peak]]<— uh_tempj if uh_tempj<uh_tempj_ 1
0 otherwise
for je (start — 1).. ndata

Peak21<— uh_tempj if Peak:I]>Peak]]_l

0 otherwise
Peak2
V_Peak:=v_peaks(uv_temp) k :=3000.. ndata V_Peakk =0
4 |
o)
© o
© o
V_Peakl 2 O O o o |
000 o)
© 0o g,
o O
0 | | | | | |
0 500 1000 1500 2000 2500 3000 3500
[
H_Peak :=h_peaks(uh_temp) k :=3000.. ndata H_Peakk =0
6
4 O o —
¢}
H_PeaKI le) 5
000 o 1) . _
© o
O o © °© 00 o
0 | | | | |
0 500 1000 1500 2000 2500 3000 3500
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Calculate the vertical and horizontal percent critical damping ...

S(V_Peak) :=

i—1
Total«0
while V_Peak|=0
j—i+1
t—1
temple— V_PeakI
i—i+1
while i<ndata
while V_Peak|=0
i—i+1
| break
break
t—t+1
temp2«— V_PeakI

if i=ndata
if i=ndata

Cr_Damp—In

templ
tempz)
Total« Tota + Cr_Damp
temple temp2

l—i+1

S (Total )

t—1
d

V3 :=8(V_Peak)

V_Critica_Damping:=

Vo

J (4n2) - Vo2

-100

V_Critical_Damping= 1.464

8(H_Peak) :=

i—1
Total«0
while H_Peaki=0
j—i+1
t—1
temple— H_Peaki
i—i+1
while i<ndata
while H_Peaki=0
l—i+1
| break
break
t—t+1
temp2«— H_Peaki

if i=ndata
if i=ndata

Cr_Damp—In

templ
tempZ)
Total« Tota + Cr_Damp
temple temp2

l—i+1

S (Total )

t-1
d

H3 1= 8(H_Peak)

H_Critical_Damping:=

HJ

2% - e

-100

H_Critical_Damping= 1.872
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Determine the windspeed and direction ...

Anna_temp. := [ | Anemometer, if Anemometer,>0 |

0 otherwise

start ;=3

peaks(Anna_temp) = | for je 1. (start — 1)
Peak]]<—0
Peak21<—0

for je start.. ndata

0 otherwise
for je (start — 1).. ndata

0 otherwise
Peak2

Peak = peaks(Anna_temp)

Wind(Peak) := | for ie 1..ndata
timeI if Peakiio

'[i(—

0 otherwise
for ie 1..ndata

starte |i if Peakiio

0 otherwise
break if start#0

tempe—t sart

for ie start + 1.. ndata

1.69
t. - temp

Speed.—

if Peak #0

0 otherwise
tempe |t, if Peaki¢0

temp otherwise

Speed

Wind_Speed :=Wind(Peak)

Wi nd_Directioni '=Vane

Peak:I.J<— Anna_ternpj if Anna_tempj<Anna_tempj_ 1

Peak21<— Anna_ternpj if Peak]]>Peak:I]_



Plot the wind speed and direction ...

Wind_Speed,
000

Wind_Directi on. 180
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APPENDIX B
SAMPLE SSTAN INPUT FILE OF THE LAB MAST ARM

Lab Mast Arm Analysis
53,1,0 M=4 R=0
Coordinates

1 x=0 y=0 z=0
2 x=0 y=12 z=0
3 x=0 y=24 z=0
4 x=0 y=36 z=0
5 x=0 y= z=0
6 x=0 y=60 z=0
7 x=0 y=72 z=0
8 x=0 y=84 z=0
9 x=0 y=96 z=0
10 x=0 y=108 z=0
11 x=0 y=120 z=0
12 x=0 y=132 z=0
13 x=0 y=144 z=0
14 x=0 y=156 z=0
15 x=0 y=168 z=0
16 x=0 y=180 z=0
17 x=12 y=168 z=0
18 x=24 y=168 z=0
19 x=36 y=168 z=0

20 X= y=168 z=0
21 x=60 y=168 z=0
22 Xx=72 y=168 z=0

23 x=84 y=168 z=0
24 x=96 y=168 z=0
25 x=108 y=168 z=0
26 x=120 y=168 z=0
27 x=132 y=168 z=0
28 x=144 y=168 z=0
29 x=156 y=168 z=0

30 x=168 y=168 z=0
31 x=180 y=168 z=0
32 x=192 y=168 z=0
33 x=204 y=168 z=0
34 Xx=216 y=168 z=0
35 x=228 y=168 z=0

118



36

119

x=240 y=168 z=0

37 x=252 y=168 z=0

38 x=264 y=168 z=0

39 x=276 y=168 z=0

40 x=288 y=168 z=0

41 x=300 y=168 z=0

42 x=312 y=168 z=0

43 x=324 y=168 z=0

44 x=336 y=168 z=0

45 x=348 y=168 z=0

46 x=360 y=168 z=0

47 x=372 y=168 z=0

48 x=384 y=168 z=0

49 x=396 y=168 z=0

50 x=408 y=168 z=0

51 x=420 y=168 z=0

52 x=432 y=168 z=0

53 x=444 y=168 z=0

Boundary

1 DOF=F,F,F,FF,F

253 DOF=RRRRR,R

Beam

52,52

1 1=93.88060905,93.88060905 J=187.7612181 a=6.38675969 e€=29000000
m=0.004687009

2 1=90.29147225,90.29147225 J=180.5829445 a=6.304292883 e=29000000
m=0.00462649

3 1=86.79500783,86.79500783 J=173.5900157 a=6.221826076 e=29000000
m=0.00456597

4 1=83.39000353,83.39000353 J=166.7800071 a=6.139359269 e=29000000
m=0.004505451

5 1=80.07524711,80.07524711 J=160.1504942 a=6.056892461 e=29000000
m=0.004444932

6 1=76.84952631,76.84952631 J=153.6990526 a=5.974425654 e=29000000
m=0.004384412

7 1=73.71162888,73.71162888 J=147.4232578 a=5.891958847 e=29000000
m=0.004323893

8 1=70.66034256,70.66034256 J=141.3206851 a=5.80949204 e=29000000
m=0.004263374

9 1=67.6944551,67.6944551  J=135.3889102 a=5.727025233 e=29000000
m=0.004202854

10 1=64.81275426,64.81275426 J=129.6255085 a=5.644558426 e=29000000

m=0.004142335
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

120

1=62.01402777,62.01402777 J=124.0280555 8=5.562091618 e=29000000
m=0.004081815

1=59.29706339,59.29706339 J=118.5941268 a=5.479624811 e=29000000
m=0.004021296

1=56.66064886,56.66064886 J=113.3212977 a=5.397158004 e=29000000
m=0.003960777

1=54.10357193,54.10357193 J=108.2071439 a=5.314691197 e=29000000
m=0.003900257

1=51.62462035,51.62462035 J=103.2492407 8=5.23222439 e=29000000
m=0.003839738

1=49.22258186,49.22258186 J=98.44516372 a=5.149757583 e=29000000
m=0.003779219

1=46.89624421,46.89624421 J=93.79248843 8=5.067290775 e=29000000
m=0.003718699

1=44.64439516,44.64439516 J=89.28879032 a=4.984823968 e=29000000
m=0.00365818

1=42.46582244,42.46582244 J=84.93164488 a=4.902357161 e=29000000
m=0.00359766

1=40.35931381,40.35931381 J=80.71862762 a=4.819890354 e=29000000
m=0.003537141

1=38.32365701,38.32365701 J=76.64731401 a=4.737423547 e=29000000
m=0.003476622

1=36.35763979,36.35763979 J=72.71527957 a=4.65495674 e=29000000
m=0.003416102

1=34.46004989,34.46004989 J=68.92009978 a=4.572489933 e=29000000
m=0.003355583

1=32.62967507,32.62967507 J=65.25935014 a=4.490023125 e=29000000
m=0.003295064

1=30.86530307,30.86530307 J=61.73060615 a=4.407556318 e=29000000
m=0.003234544

1=29.16572165,29.16572165 J=58.33144329 a=4.325089511 e=29000000
m=0.003174025

1=27.52971854,27.52971854 J=55.05943707 a=4.242622704 e=29000000
m=0.003113505

1=25.95608149,25.95608149 J=51.91216298 a=4.160155897 e=29000000
m=0.003052986

1=24.44359825,24.44359825 J=48.88719651 a=4.07768909 e=29000000
m=0.002992467

1=22.99105658,22.99105658 J=45.98211316 a=3.995222282 e=29000000
m=0.002931947

1=21.59724421,21.59724421 J=43.19448842 a=3.912755475 e=29000000
m=0.002871428

1=20.26094889,20.26094889 J=40.52189779 a=3.830288668 e=29000000
m=0.002810909

1=18.98095838,18.98095838 J=37.96191676 a=3.747821861 e=29000000
m=0.002750389
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36

37

38

39

40

41

42

43

45

46

47

48

49

50

51
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1=17.75606042,17.75606042 J=35.51212083 a=3.665355054 e=29000000
m=0.00268987

1=16.58504275,16.58504275 J=33.17008549 a=3.582888247 e=29000000
m=0.002629351

1=15.46669312,15.46669312 J=30.93338625 a=3.500421439 e=29000000
m=0.002568831

1=14.39979929,14.39979929 J=28.79959858 a=3.417954632 e=29000000
m=0.002508312

1=13.383149,13.383149 J=26.76629799 a=3.335487825 e=29000000
m=0.002447792

1=12.41552999,12.41552999 J=24.83105998 a=3.253021018 e=29000000
m=0.002387273

1=11.49573001,11.49573001 J=22.99146003 a=3.170554211 e=29000000
m=0.002326754

1=10.62253682,10.62253682 J=21.24507364 a=3.088087404 e=29000000
m=0.002266234

1=9.794738157,9.794738157 J=19.58947631 a=3.005620597 e=29000000
m=0.002205715

1=9.011121769,9.011121769 J=18.02224354 a=2.923153789 e=29000000
m=0.002145196

1=8.270475404,8.270475404 J=16.54095081 a=2.840686982 e=29000000
m=0.002084676

1=7.571586811,7.571586811 J=15.14317362 a=2.758220175 e=29000000
m=0.002024157

1=6.913243735,6.913243735 J=13.82648747 a=2.675753368 e=29000000
m=0.001963637

1=6.294233926,6.294233926 J=12.58846785 a=2.593286561 e=29000000
m=0.001903118

1=5.713345129,5.713345129 J=11.42669026 a=2.510819754 e=29000000
m=0.001842599

1=5.169365094,5.169365094 J=10.33873019 a=2.428352946 e=29000000
m=0.001782079

1=4.661081567,4.661081567 J=9.322163133 a=2.345886139 e=29000000
m=0.00172156

1=4.187282295,4.187282295 J=8.374564590 a=2.263419332 e=29000000
m=0.001661041

1=3.746755026,3.746755026 J=7.493510052 a=2.180952525 e=29000000
m=0.001600521
53
53
53
53
53
53
53
53

O~NO O WNE
OCoO~NOOULPA,WN
U
co~NOoO O WNPE



9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

35
36
37
38
39
40
41
42
43

45
46
47
48
49
50
51
52

Mass

9

10
11
12
13
14
15
15
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

35
36
37
38
39
40
41
42
43

45
46
47
48
49
50
51
52

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

35
36
37
38
39
40
41
42
43

45
46
47
48
49
50
51
52
53

= 0101010101 0107
WWWWwWwww

RPRRRPRRPRRPRPRRPRPRPRPRPRPRPRPRPRPRREPRPREPREPRPRPRPRPRRPRPRRRRERERRERRERER

NRPRPRREPRRRRRPREO
CQOVWWOWNOOUDNWNERO

3%3333333333333
N N
N B

11
N
w

m=24
m=25
m=26
m=27
m=28
m=29
m=30
m=31
m=32
m=33
m=34
m=35
m=36
m=37
m=38
m=39
m=40
m=41
m=42
m=43
m=44
m=45
m=46
m=47
m=48
m=49
m=50
m=51
m=52

122



123

25 M=57/386.4,57/386.4,57/386.4,0,0,0 : 3 - light signal head
37 M=57/386.4,57/386.4,57/386.4,0,0,0 : 3 - light signal head
51 M=85/386.4,85/386.4,85/386.4,0,0,0 : 5 - light signal head



APPENDIX C

FABRICATION OF TAPERED IMPACT DAMPER

Parts List
Part # Part Part Description Quantity
1 Damper Shell 6" 1D, t=0.125", ASTM A513, Type 1 1
2 Damper Cap Steel Cap 1
3 Damper Internal Weight 15lb Steel Cylindrical Weight 1
. Century Spring Brand (Spring Stock #147) Stiffness
4 Damper Spring = 0.69Ib/in, Length = 8.5", OD = 1.062" 1
5 Hex Nut 1/4"-20 Hex Nut (steel) 1
6 Eye Bolt 1/4"x2" Steel Eye Bolt (zinc plated) 1
7 Eye Bolt 1/4"x8" Steel Eye Bolt (zinc plated) 1
#8-32x3/4 SS Machine Screws (Flat Hd Phillips)
8 Cap Screw (Only needed if Part 2 is used) 4
Cast Aluminum Upright Cap with (3) Stainless Steel
9 Alternate Damper Cap Set Screws (Covers 6.25" OD Pipe) !
Cap Fabrication (Part 2)
e See Cap Fabrication Drawing for Tapered Impact Damper
e Hot Dip Galvanize the Cap after Fabrication
Weight Fabrication (Part 3)

Alternate Cap (Part 9)

See Weight Fabrication Drawing for Tapered Impact Damper
Hot Dip Galvanize the Weight after Fabrication

Can be Purchased Pre-Fabricated
See Alternate Cap Preparation Drawing for Tapered Impact Damper
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Shell Fabrication (Part 1)

e See Shell Fabrication Drawing for Tapered Impact Damper
e Cutpatlto3-6".
Wrap the Shell Stencil around the bottom of part 1. Provide 2" —9 5/8” between
the top of part 1 and the points of the stencil.

e Scribe and cut out the steel below the stencil. Thetotal length of part 1 should
still be 3'- 6.
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e Heat the area directly between each point and bend each flap inward. Each
adjacent flap should be touching. Thiswill create the tapered portion of the shell.

o Weld the flaps together and grind the tapered surface smooth.

e Hot Dip Galvanize the Shell after Fabrication
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Sequence of Tapered Impact Damper Assembly using Part 2

Refer to the Overall Fabrication Drawing for Tapered Impact Damper

Insert part 6 into the threaded hole of part 3 to create the weight assembly.

Insert part 7 through the threaded hole of part 2 to where part 5 can be attached to
part 7. Thiswill create the cap assembly.

Attach one end of part 4 to part 7 and the other end of part 4 to part 6. Thiswill
create the cap/spring/weight assembly.

Lower the cap/spring/weight assembly into part 1.

Adjust part 7 on the cap assembly until the bottom of part 3is2” from the bottom
of part 1. This can be done through the hole at the bottom of part 1. (Note: part 1
must be vertical when making the 2" measurement and the weight and spring
combination needsto be at rest)

Match the holesin part 1 with those from part 2. Fasten them together with part 8
(4 places).

Tighten part 5 against part 2.

Cut off portion of part 7 remaining above part 5.

Sequence of Tapered Impact Damper Assembly using Part 9

Refer to the Overall Fabrication Drawing for Tapered Impact Damper with
Alternate Cap

Insert part 6 into the threaded hole of part 3 to create the weight assembly.

Insert part 7 through the threaded hole of part 9 to where part 5 can be attached to
part 7. Thiswill create the cap assembly.

Attach one end of part 4 to part 7 and the other end of part 4 to part 6. Thiswill
create the cap/spring/weight assembly.

Lower the cap/spring/weight assembly into part 1.

Adjust part 7 on the cap assembly until the bottom of part 3is2” from the bottom
of part 1. This can be done through the hole at the bottom of part 1. (Note: part 1
must be vertical when making the 2" measurement and the weight and spring
combination needs to be at rest)

Tighten the set screws of part 9 against the shell.

Tighten part 5 against part 9.

Cut off portion of part 7 remaining above part 5.
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Welaht Fobrication Draowing for
Tapered Impact Damper
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Cop Fabrication Draoawing for
Tapered Impact Damper
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Shell Fabkrication Draowing for
Tapered Impact Damper
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Stencil for Tapered End of Shell
on the Tapered Impoct Damper
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Overall Fabrication Drawing for
Tapered Impact Damper
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AMlternate Cap Preparation Drawing
for Tapered Impoct Damper
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