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CHAPTER 1

INTRODUCTION

1.1 Cantilever Traffic Signal Structures

Traffic signals (or traffic lights) are used extensively around the world. The
signals, as well as their supporting structures, are manufactured in many different sizes
and shapes. A commonly used support for traffic signals is the cantilever traffic signal
structure. Figure 1.1 shows an example of this type of structure in which the vertical
component is usually referred to as the post or the pole and the horizontal element is
referred to as the mast arm. Both the pole and the mast arm are usually made of hollow
galvanized steel with circular or octagonal cross-section and tapered diameters.

In Texas, poles are typically 17 to 20 ft high and arms range from 20 to 48 ft in
length (Pulipaka 1995), although the Texas Department of Transportation (1995) uses
designs for arms that go up to 65 ft in length. Often the arms are manufactured in
different shapes. To show one example, in Figure 1.1 the mast arm is straight; while

Figure 1.2 shows a structure that has a bent mast arm.
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Figure 1.1 Cantilever Traffic Signal Structure with Straight Mast Arm

Figure 1.2 Cantilever Traffic Signal Structure with Bent Mast Arm

The signal heads supported by the mast arm are usually either 3-signal heads or 5-
signal heads. For example, in Figure 1.1 the arm supports one 5-signal head and two 3-

signal heads; while in Figure 1.2 the arm supports one 5-signal head and one 3-signal
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head. Signal heads can have backplates, which are flat plates that surround the signals
extending half a light width. Backplates are usually black and offer drivers better
visibility of the signal lights against the sun. The signal heads in Figure 1.1 have
backplates, while the ones in Figure 1.2 do not. Another parameter that varies from
structure to structure is how the signal heads are connected to the mast arm. In Figure 1.1
the signals are at the height of the arm; while in Figure 1.2 the signals are below the arm.
In other cases the lights are mounted vertically rather than horizontally.

The mast arms usually have a low resonant frequency of about 1 Hz and a
damping of less than 1% of critical damping (Dexter and Ricker 2002). Therefore, they
have the propensity of vibrating under wind loading. Vibrations of mast arms can occur
at wind speeds as low as 10 mph (Pulipaka, Sarkar, and McDonald 1998) or they may

also be provoked by truck-induced gusts (Kaczinski, Dexter, and VVan Dien 1998).

1.2 Problem Statement

According to Dexter and Ricker (2002), the span of mast arms of cantilever traffic
signal structures and other similar sign and light support structures has increased because
“the setback distance of the upright from the roadway has increased for safety reasons
and these structures are increasingly being used on roads with more lanes.” The longer
the mast arm, the more flexible the structure is, therefore larger vibration amplitudes can
be expected.

If the vibrations of the mast are too large, it could be difficult for drivers to see the

signals and drivers may feel uncomfortable while driving under the vibrating structure
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(Kaczinski, Dexter, and Van Dien 1998). Also, vibrating mast arms could create a
distraction to passing motorists (Pulipaka 1995). Many drivers complain when the
vibrations exceed 8 inches (Kaczinski, Dexter, and Van Dien 1998).

More importantly, vibrations of the mast can lead to fatigue failure. Figure 1.3
shows one example of such failures, which have been reported by many state DOTSs. The
State of Missouri had over 12 traffic signal mast arms fail in a period of six years
(Hartnagel and Barker 1999). Similar failures have been reported in Wyoming,
California, and Texas (Chen et al. 2001). In Lubbock, two failures occurred from 2001 to

2005 (Hart 2005).

Figure 1.3 Fatigue Failure of Mast Arm in Lubbock, Texas

Dexter and Ricker (2002) indicated there are many cases of fatigue cracks
occurring in cantilevered signal, sign, and light supports and that the economic cost of

inspecting, repairing, or replacing for this type of crack is substantial. They stated that
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although many of the failures are caught before a collapse occurs, there are a few
collapses reported each year where vehicles have collided with the fallen mast, causing
injuries and deaths. They also stated the following:
“The few collisions that occur between vehicles and collapsed cantilevered support
structures are not at all significant when considered in terms of the total number of
highway collisions. However, the perceived significance of these collisions
between vehicles and collapsed cantilevered support structures is enhanced because
the collisions are totally unexpected (i.e., the failures take place in weather that is

not that unusual, and the public does not expect these support structures to be a
hazard).” (Dexter and Ricker 2002)

There are four recognized mechanisms that induce mast arm vibrations on
cantilever traffic signal structures: galloping, natural wind gusts, truck-induced gusts, and
vortex shedding (Kaczinski, Dexter, and Van Dien 1998). It has generally been thought
that galloping is the main cause of vibrations that lead to fatigue failure of mast arms, that
natural wind gusts and truck-induced gusts are minor causes, and that vortex shedding
does not cause significant vibrations. This has been so widely accepted in the United
States that the national design guidelines do not consider vortex shedding in the fatigue

design of cantilever traffic signal structures (AASHTO 2001).

1.3 Research Objectives

For the research presented in this report, the objectives are to:

1. Determine the mechanisms that lead to mast arm vibrations and how
significant each is in contributing to the fatigue failure of these structures.

2. Provide a methodology for estimating the fatigue life of cantilevered traffic
signal structures.
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3. Provide guidelines to performing life-cycle cost analysis of cantilevered
traffic signal structures.

Both wind tunnel studies and full-scale testing were conducted and their results
were used to achieve the first objective. For the second objective, the local climatology of
the city of Lubbock, Texas, was used in conjunction with the wind tunnel results. For the
third objective, an example of life-cycle cost analysis applied to cantilever traffic signal

structures was developed.

1.4 Organization of This Report

Chapter 2 presents a literature review of the research conducted on cantilever
traffic signal structures. Chapters 3 and 4 describe the experimental set-up and discuss the
results obtained for full-scale tests and wind tunnel studies, respectively. Chapter 5
presents a methodology for estimating the fatigue life of a cantilever traffic signal
structure. Chapter 6 discusses life-cycle cost analysis as applied to cantilever traffic
signal structures. Finally, the conclusions and recommendations coming out of this

research are presented in Chapter 7.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In this chapter, the wind mechanisms that induce vibrations in cantilever traffic
signal structures are introduced and the major research undertaken on vibration and
fatigue failure of cantilevered traffic signal structures is discussed. Some publications that
deal with the testing of damping devices are also briefly discussed, but only to cover the
aspect that deals with the vibration of mast arms. The damping devices themselves are

not discussed here since they fall outside the scope of this research.

2.2 Vibration-Inducing Mechanisms

Kaczinski, Dexter, and Van Dien (1998) identified vortex shedding, galloping,
natural wind gusts, and truck-induced gusts as the most critical fatigue-loading
mechanisms in cantilevered supports of signals, signs, and lights. Each of these

mechanisms is discussed in this section.
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2.2.1 Vortex Shedding

Vortex shedding occurs when vortices with alternating rotational direction are
shed periodically into the wake of a bluff body. It forms as a result of the rolling-up of
the separating shear layers alternately one side, then the other, and occurs on bluff bodies
of all cross-sections (Holmes 2001). The series of decaying vortices that formed in the
wake is known as the von Karman vortex street. A sketch of the occurrence of vortex
shedding and the von Karman vortex street is shown in Figure 2.1.

The conditions for coherent vortex shedding to occur are that the approach flow
be uniform with low turbulence, that the body be long with a constant cross-section, and
that no shear layer attachment occurs (Letchford 2003). Turbulence in the approach flow
tends to make the shedding less regular, but the strengths of the vortices are maintained,

or even enhanced (Holmes 2001).

Figure 2.1 Schematic of von Kéarman Vortex Street in the Wake of a Circular Cylinder
(Kaczinski, Dexter, and Van Dien 1998)
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Figure 2.2 Vortex Shedding Acting on Cross-Section of Mast Arm with Traffic Signal

Each vortex being shed causes a change in pressure distribution that virtually
produces a cross-wind force at the point where the vortex is being shed. For vortices shed
from a flat plate (e.g., a backplate) there will only be cross-wind forces induced on the
structure if there are portions downwind of the plate for the alternating vortices to act
upon. In the case of signal lights it is likely to be the visors, as shown in Figure 2.2.

The vortex shedding frequency is often described by the non-dimensional
Strouhal number (St) as follows:

f.B

U

St = (2-1)

where fs is the vortex shedding frequency, B is the cross-wind body width, and U is the
mean flow speed. From Equation (2-1), the mean velocity at which vortex shedding is

expected to occur can be obtained:

u=-: (2-2)

Alternating shedding of vortices produces periodic cross-wind forces acting on

the body. These cross-wind forces may produce a nominal periodic response, but large
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cross-wind vibrations can occur if the frequency of the vortex shedding (fs) is close to one
of the natural frequencies of the body (f). Vibrations of the body may enhance the vortex
strength, and the vortex-shedding frequency may change to the frequency of vibration, in
a phenomenon known as lock-in (Holmes 2001). Therefore, lock-in vibrations (fs =f,) not
only occur at the above wind speed, but also at any speed U within the interval

fSB—AU <U < fSB+AU (2-3)
St St

where AU /U depends on cross-sectional shape and mechanical damping and is of the

order of a few percent (Simiu and Miyata 2006).

2.2.2 Galloping

Galloping consists of large amplitude cross-wind vibrations that can occur to long
bodies with certain cross-sections. Circular cylinders are not susceptible to galloping
(Pulipaka 1995; Kaczinski, Dexter, and Van Dien 1998). For a given cross-section, the
frequency of galloping-induced vibrations is much lower than the frequency of vibrations
induced by vortex shedding (Simiu and Miyata 2006).

For galloping to start, there has to be an initial displacement that changes the
apparent angle of attack of the wind flow with respect to the cross-section. The initial
displacement could be induced by wind gusts or vortex shedding. For example, consider
the case presented in Figure 2.3. A square cylinder is immersed in wind with a velocity U

in the horizontal direction. Assuming a small downward displacement with a velocity

10
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of y is induced, this would produce a wind relative velocity Uy which is the result of the
vector sum of U and y . U will have an angle of attack « as shown in the figure.

The lift and drag forces along the direction of relative wind velocity Uy can be

expressed as follows:

L(a) = %CL (a)pUZ, A (2-4)

D(e) =5 Co @)Uy A (2-5)

where p is the density of air, A is the area of the cylinder projected to the wind, and C,(«)
and Cp(«) are the lift and drag coefficients, respectively, which are functions of the angle
of attack a.
The force component in the y-direction (Fy) is calculated as:
F,(a) = D(a)sin(a) + L(a) cos(a) (2-6)

Another way of expressing Fy is:

F (a) = %cpy (@) pU2A (2-7)

Lift force (L)
caused by the

relative wind Aerodynamic force (Fy) either helping the

vibration or mitigating the vibrations

Ure , Drag force (D) caused by
y the relative wind
oL

U -

+ Bluff body moving
w down with a velocity

of y

Figure 2.3 Initiation of Galloping (Pulipaka 1995)
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From Equations (2-6) and (2-7):
%CFy (@) pU?A = D(a)sin(a) + L(a)cos(a) (2-8)

Substituting U = U, cos(a) and Equations (2-4) and (2-5) into (2-8) and solving for Cgy:

C,,(a) = C.(a) +C,(a)tan(a) (2-9)
cos(«)
Differentiating Equation (2-9) with a = 0:
dC
vo= (ch + cD] (2-10)
da | _, da w0
For a small a:
y
~ 2-11
axy (2-11)
and:
dF
F, =~ — o« (2-12)
da|,_,
Inserting Equations (2-7) and (2-11) into (2-12):
dC
R~ p0A 2] () (2-13)
2 da )
The equation of motion of the body can be written as:
m(y + 2¢wy + w’y) =-F, (2-14)

where m is the mass per unit length, {is the damping ratio, w is the natural circular
frequency, y is the displacement, and ¥ is the acceleration. Substituting Equation (2-13)

into Equation (2-14) and rearranging:

12
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o 1 dCFy . 2
my + 2m§a)+5pu Ao y+mo°y=0 (2-15)
(24
a=0

It is recognized that in Equation (2-15) the damping coefficient d is given by:

1 dC,,
d=2mcw+= pU (2-16)
2 da )
The first term in Equation (2-16) is the mechanical damping of the structure,
while the second one can be considered the aerodynamic damping. The system is stable if

d > 0. For the system to become unstable (i.e., to have negative damping, d < 0), the term

in parenthesis of Equation (2-16) must be negative:

dC.
Y1 <0 (2-17)
da )
Substituting Equation (2-10) into Equation (2-17):
[dCL + CDJ <0 (2-18)
da w0

This is known as the Den Hartog criterion or the Glauert-Den Hartog criterion, and
states, “A section is dynamically unstable if the negative slope of the lift curve is greater
than the ordinate of the drag curve” (Den Hartog 1985). This criterion must be satisfied
for galloping to occur.

Since the damping coefficient d must be negative for galloping to occur, a critical
wind velocity U, for galloping to occur can be calculated from Equation (2-16) by

making d = 0 and solving for U:

13
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U - dmlw 1
‘ PA (dC,
da )

For galloping to occur, the wind velocity must be greater than U, (Dyrbye and Hansen

(2-19)

1997).

2.2.3 Natural Wind Gusts

Natural wind gusts occur due to turbulence - the inherent tendency of the wind to
change velocity (speed and direction). These changes in velocity affect wind-loading of
structures by producing changes in pressure that may induce vibrations in certain
structural elements. In lightly damped structures, the structural response due to natural
wind gusts is dominated by the response at the resonant frequency, but the amplitude of
the response is variable and randomly distributed, unlike the almost constant amplitude
harmonic response due to vortex shedding. In addition, turbulence typically causes an

along-wind response.

2.2.4 Truck-Induced Gusts

The passage of trucks under cantilever support structures tends to produce gust
loads on the front and underside of mast arms and their attachments (Kaczinski, Dexter,
and Van Dien 1998). Truck-induced gusts may produce either horizontal or vertical

vibrations, or a combination of both.

14
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2.3 Research on Cantilever Traffic Signal Structures

2.3.1 lllinois Department of Transportation

South (1994) conducted research for the Illinois Department of Transportation
(ILDQOT) with the purpose of combining “pertinent wind loading and vibration theory,
fatigue damage theory, and experimental data into a useable fatigue analysis method for
overhead sign and signal structures.” South collected wind speed data, conducted full-
scale experiments on cantilever traffic signal structures, and developed a procedure to

predict the fatigue life of these structures.

Wind Speed Data

South (1994) instrumented an in-service traffic signal structure to collect wind
speed for about a year and a half. Only wind speed data was collected. He noticed that
91.7% of the measured wind speeds were less than or equal to 15 mph. He concluded the
following:

“...structures are subjected to constantly varying winds. Although this observation
may seem naive in light of the complexity of the force calculation methods, the
effort was made to reinforce the point that use of isotach charts or maximum
predicted wind speeds based on empirical formulas will not account for the

variations in wind speeds and applied stresses which affect the fatigue life of the
structure.” (South 1994)

The above quote makes reference to the fact that the AASHTO Standard
Specifications for structural supports for highway signs, luminaires and traffic signals
(from hereon the AASHTO Specifications) did not have fatigue provisions until its fourth

edition published in 2001. Before that, the specifications had only an empirical equation

15
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to calculate the wind pressure on a structure by using the wind speed taken from isotach

charts.

Full-Scale Experiments

Full-scale experiments were conducted on a cantilever traffic signal structure with
a 44-ft mast arm and signal heads mounted vertically, as shown in Figure 2.4. Initially the
structure was tested by the Smith Emery Company in California with only the strain
gages 1 through 4 shown in the figure. The structure was tested under a wind force
produced by blower set to blow to the front of the signal light head mounted at the tip of
the arm. South (1994) recognized that this load is not seen in practice, but indicated that it
was interesting to see the behavior of the structure under constant wind. He noted that
even steady winds induce variable amplitude cyclic loading.

Afterward, the same structure was installed at ILDOT’s Physical Research
Laboratory in Springfield, Illinois. This time it was instrumented with all 10 strain gages
shown in Figure 2.4. Data was collected for four months. The structure was used to
generate a histogram of applied stress range due to ambient wind load. Apparently, the
wind velocity itself was not monitored while data was being collected by the strain gages.
South (1994) noticed that, for the mast arm, a total of over 3 million stress cycles were
measured in the horizontal direction, while almost 2.5 million stress cycles were

measured in the vertical direction.
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View Is Looking North

2 North
4 South

Side View

Top View

Figure 2.4 Instrumented Traffic Signal Structure at the Physical Research Laboratory in
Springfield, Illinois (South 1994)

Subsequently, with the structure still installed at the Physical Research
Laboratory, the frequency and amplitude of vertical vibrations of the mast arm induced
by vortex shedding were measured using an accelerometer and an oscillographic chart
recorder. According to South (1994), the experimental results revealed that the mast arm

vibrated in synchronization with the first and second transverse modes when the wind

17
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speed was in the 12-20 mph range. Still, no real proof was offered in the report to

demonstrate that the vibrations were in fact induced by vortex shedding.

Fatiqgue Life Prediction

South (1994) suggested a method to estimate the fatigue life of the structures
using horizontal vibrations of the mast arm because, as explained before, he noticed that
more stress cycles occur horizontally than vertically. The method does not consider wind
direction, only wind speed. It assumes that vortex shedding vibrations have the effect of
increasing drag forces and therefore produce horizontal vibrations. A histogram of wind

speed of the location of the structure is required. The method is as follows:

1. “Calculate the vortex shedding frequency for each wind speed in the
histogram using [the Strouhal number] equation... [See Equation (2-1). In his
sample calculations, South assumed St = 0.2.]

2. Calculate the drag forces for each wind speed... [For this step, South provided
a series of equations which basically calculate drag forces as a product of
vortex-shedding-induced vibrations.]

3. Using the drag forces, calculate the applied stresses at the detail(s) of
interest... [Details of interest are welds and anchor bolts.]

4. Assume the counts in the histogram to be one-second intervals of constant
winds speed application; then the histogram frequency represents the total
number of seconds of application of a particular wind speed. Multiply the
number of seconds by the vortex shedding frequency to estimate the total
number of applied cycles at each wind speed for a year.

5. Use the results of steps 3 and 4 to construct a new histogram for each detail of
interest. The result is a stress [range] versus cycles-per-year histogram.

18
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6. Use the histogram developed above in conjunction with the methods
outlined... to calculate the expected fatigue life of the detail(s) of interest.”
(South 1994)

Of the three methods outlined by South (1994) for step 6, he placed more
emphasis in the one of applying Miner’s Rule, which is the first, simplest and most
widely used damage model used to predict fatigue damage for structural components

subjected to variable loading conditions (Lee 2005). Miner’s Rule is expressed as:
D= zi (2-20)
Ni

where:

D = cumulative fatigue damage

n; = number of cycles at i"" stress amplitude

N; = number of cycles to failure at i"" stress amplitude.

Fatigue failure is expected to occur when the summation of Equation (2-20)
reaches unity. In South’s method, the values of n; are given by the histogram obtained in
step 5 and the values of N; are obtained from stress range versus frequency (S-N) curves
which are published by the American Welding Society for different welded tubular
connections. With the calculation of D in South’s method, the fatigue damage
accumulated in one year is calculated and the fatigue life of the structure can be
estimated.

Using a wind speed histogram generated with data collected over one year, South
(1994) estimated the fatigue life of the structure used in the full-scale experiments as

24.75 years. He also used the 4-month stress range histogram generated for the same
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structure in the full-scale experiments and multiplied by three to estimate a 1-year
histogram. This allowed him to skip steps 1 to 5 in his methodology, going straight to
step 6 and calculating a fatigue life of 19.74 years. He indicated that this second result
correlated “with many actual fatigue failures of light poles and highmast structures using

weathering steel.”

2.3.2 Texas Tech University

Extensive research on wind loading of cantilevered traffic signal structures was
conducted by researchers at Texas Tech University (TTU). These researchers observed
that cantilevered traffic signal structures used by the Texas Department of Transportation
(TXDOT) generally undergo large amplitude vibrations in wind speeds of 10 mph or
slightly higher and that the vibrations are steady up-and-down motions perpendicular to
the wind direction (Pulipaka, Sarkar, and McDonald 1998). Pulipaka (1995) indicated
that the vibration amplitudes could be as high as 20-24 inches from peak to peak. He did
not provide a source for these values nor indicate for what arm length these vibrations
were observed. TTU researchers conducted water-table, tow-tank, and wind tunnel

experiments as well as field testing.
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Figure 2.5 Models Used for Water-Table Experiments
(Pulipaka, McDonald, and Mehta 1995)

Water-Table Experiments

TTU researchers first conducted water-table experiments to observe for vortex
shedding behavior around mast arm and signal light head cross-sections (Pulipaka,
McDonald, and Mehta 1995; McDonald et al. 1995). They tested two-dimensional, one-
quarter scale models of the cross-sections for various arrangements of the signal light
head with respect to the mast arm, changing flow directions and adding or removing
backplates, as shown in Figure 2.5.

Through Finite Element Analysis, the TTU researchers had calculated the
fundamental frequency of various cantilever traffic signal structures and they estimated
that “for a resonance condition, the vortex shedding frequencies need to be approximately
equal to 1.0 Hz” (McDonald et al. 1995). From the water table experiments, they
determined that vortex shedding frequencies of 1.0 Hz would occur at wind speeds of less

than 10 mph. Since large amplitude vibrations had been observed in the wind speed range
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of 10 to 30 mph, they concluded that “the water table experiments demonstrated that
vortex shedding is not the cause of large amplitude vibrations cantilever traffic signal
structures” (McDonald et al. 1995).

Although McDonald et al. (1995) referred in the passage above to vortex-induced
vibrations as a case of resonance, in reality, vortex shedding is a complex phenomenon
that involves both wind-initiated forces and self-excitation forces (Billah and Scanlan
1991).

Tow-Tank Experiments

From the tow-tank experiments the researchers tried to determine the source of
aerodynamic force causing the vibrations (Pulipaka 1995). They were particularly
looking at vortex shedding and galloping. An actual signal head with a portion of a mast
arm was towed through the tank to simulate wind speeds in the 10-30 mph wind speed
range. Experiments were conducted with the signal connected to the mast arm in different
configurations. Flow visualization was used to check for vortex shedding. To check for
galloping, the researchers measured drag and lift forces to determine if a signal-light
configuration satisfied the Glauert-Den Hartog’s criterion. From the flow visualization,
Pulipaka reported:

“The flow was very disorganized. The variety of edges and corners on the traffic
signals produced a complex turbulent flow field in which identification of a
dominant shedding frequency was difficult. . . . Randomness and high frequency of
vortex formation are characteristics that make vortex shedding an unlikely

candidate to produce significant wind-driven oscillations of traffic signal
structures.” (Pulipaka 1995)
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From the measurement of forces, force coefficients in the vertical direction (Cgy)
as a function of angle of attack («) were obtained. The angle of attack was measured
between the horizontal axis and the relative wind speed (Ure), as shown in Figure 2.3.

Figure 2.6 shows one of the configurations tested and the corresponding results.
The angle of attack was induced with motion of the model in the y-direction. From Figure

2.6 it was noticed that for all angles of attack:

dc
r 4G, +C, <0 (2-21)
da da
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Figure 2.6 Force Coefficient (Cgy) vs. Angle of Attack for Traffic Signal Configuration Identified
as Susceptible to Galloping (Pulipaka 1995)

Pulipaka (1995) noticed that the configuration satisfied the Den Hartog criterion
for galloping (see Equations (2-17) and (2-18)). He wrote: “The negative slope for Cgy
indicates that the aerodynamic forces are destabilizing and the model is susceptible to

galloping oscillations.” The configuration shown in Figure 2.6 was the only one for
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which this was the case, therefore this was the only configuration they found to be
susceptible to galloping. At this point, TTU researchers appeared to have eliminated

vortex shedding as a possible source of large amplitude vibrations.

Wind Tunnel Experiments

The wind tunnel experiments at TTU started with the notion that the configuration
shown in Figure 2.6 was the only one susceptible to galloping (Pulipaka, Sarkar, and
McDonald 1998). It should be noted that this configuration with the signal head having a
15-degree downward tilt does not represent a real field condition. Therefore when the
wind tunnel experiments were conducted, the configuration tested is the one shown in

Figure 2.7.

Arm
Backplate
Wind -
R
Direction it}
Signal Light Hood

Figure 2.7 Signal Light Configuration Considered Susceptible To Galloping
(Pulipaka, Sarkar, and McDonald 1998)
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Figure 2.8 Wind Tunnel Test Conducted at TTU (Pulipaka, Sarkar, and McDonald 1998)

Figure 2.8 shows a sketch of the dynamic test setup for the wind tunnel
experiments. The figure shows a wing attached to the model. Two types of wing were
tested as damping devices (flat plate wing and flat plate wing with rounded edges), but
experiments were also conducted with no wing. The model had a length scale of 1:4 and
was made from wood and aluminum. A wind-tunnel blockage ratio of 6% was estimated.

The experiments were conducted by giving an initial displacement to the model in
the lift direction and then suddenly releasing it, allowing the model to vibrate freely in the
vertical direction. This procedure was repeated at different wind speeds and the recorded
response was used to calculate the non-dimensional number H;", which gives a measure

of the aerodynamic damping. H; " is calculated as follows:

H,' (R) = 4m(Z ;I;ZC (R) (2-22)

where:
H: (R) = a measure of the aerodynamic damping at reduced velocity of R

m = mass of the model per unit length
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¢o = damping of the system at zero wind speed
¢(R) = the overall damping of the system at reduced velocity R
p = density of air

B = along-wind dimension of the model (see Figure 2.8)

R= Y reduced velocity
nB
U = wind speed

n = frequency of the model suspended from the springs at zero wind speed
TTU researchers plotted H;”~ against the reduced velocity as shown in Figure 2.9.
For comparison, calculated values for an airfoil were also plotted in this figure. For the
case of the model with no wing, the researchers observed:
“H," suddenly starts increasing beyond a reduced velocity of 20, which corresponds
to a wind speed* of 14 mph. At a reduced velocity of 25 (18 mph in field
conditions), H; becomes a positive number, which suggests that the signal light

configuration has negative aerodynamic damping, and is susceptible to galloping
vibrations.” (Pulipaka, Sarkar, and McDonald 1998)

—o—No wing

—o— With Flat Plate

—w—With Flat Plate (Rounded Edges)

—*Airfoil (40 cm Wide)

0 5 10 15 20 25 30 35 40 45 50
L/mB

Figure 2.9 Aerodynamic Damping (H;") vs. Reduced Velocity (U/nB)
(Pulipaka, Sarkar, and McDonald 1998)
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Field Tests

Pulipaka (1995) tested two cantilever traffic signal structures, each having a bent
mast arm. First he tested a structure with a 40-ft long mast arm, then a structure with a
48-ft long arm. When a structure was tested, it was mounted on a rotatable foundation.
During testing, an anemometer was used to determine the wind direction and then the
structure was rotated so that the mast arm was close to being perpendicular to the
direction of the wind.

For the case of the structure with the 40-ft arm, four configurations were tested,
but galloping was observed only for the configuration shown in Figure 2.7 (the signal
light has a backplate and is suspended below the arm, and the wind is blowing from the
back of the signal). When the structure with the 48-ft arm was tested, only the
configuration shown in Figure 2.7 was tested. For the experiments with the 48-ft arm,
after obtaining the desired arm orientation with respect to the wind direction, the arm was
given an initial displacement with a wire and then released to vibrate freely. Pulipaka
indicated the following:

“If the wind speed and direction held steady, vibrations would continue to increase
in amplitude until some limiting value was achieved. . . With significant change in
wind direction, the vibration amplitudes would decrease and galloping would

cease. A change in wind speed resulted in a change in displacement amplitude, if
wind direction held steady.” (Pulipaka 1995)

Conclusions
Conducting water-table, tow-tank, wind tunnel, and field experiments, the Texas
Tech researchers determined that large amplitude vibrations occur when the wind blows

from the backside of the signal lights with a backplate attached, as shown in Figure 2.7.
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They concluded these large amplitude vibrations are due to the galloping phenomenon.
They basically eliminated vortex shedding as a potential cause for the large amplitude
vibrations.
TTU researchers explained the mechanism that produces the large amplitude
vibrations as follows:
“At low wind speeds, vortex shedding or gustiness in the wind initiates the
vibrations. As the wind picks up beyond the critical speed, the signal structures
exhibit the galloping phenomenon. This can be explained either by the Glauert-Den
Hartog criterion or by showing that the condition of single-degree-of-freedom

(SDOF) flutter in the vertical mode is satisfied.” (Pulipaka, Sarkar, and McDonald
1998)

2.3.3 Lehigh University

Kaczinski, Dexter, and Van Dien (1998) conducted research funded by the
National Cooperative Highway Research Program (NCHRP). Their study was not limited
to cantilevered traffic signal structures; it included cantilevered sign and light supports.
Through a literature review, they identified galloping, vortex shedding, natural wind
gusts, and truck-induced gusts as the most critical fatigue-loading mechanisms. Their
research resulted in the Fatigue Design section of the AASHTO Specifications (2001).
They performed a survey of state DOTSs as well as wind tunnel tests and finite elements
analysis, all of which are discussed here. They also conducted research related to
connection details (mast-arm-to-pole, pole-to-base-plate), which is outside the scope of

this report.
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Survey

The researchers conducted a survey of the state DOTSs to learn how the different
cantilever support structures (signs, signals, and luminaries) were performing. They
reported the following:

“Among the 36 states which responded, approximately one-half had had problems
with wind-induced vibrations of cantilever support structures. Several states
reported occurrences of horizontal mast-arm displacement ranges in excess of 48 in
under steady-state winds with velocities in the range of 10 to 35 mph. Generally,
the reported vibrations were observed to occur in the plane of the structure (i.e.,
vertical-plane vibrations of the horizontal mast arm) in a direction normal to the
direction of wind flow. . . . The 36 state departments of transportation, which
responded the survey, reported a total of 80 occurrences of fatigue damage in
cantilever support structures resulting from wind-loading. Most of the occurrences
of fatigue damage were reported at either the mast-arm-to-column connection,
column-to-base-plate connection, or anchor bolts. The propagation of these cracks
has resulted in the collapse of several cantilevered support structures” (italics are
current author’s emphasis). (Kaczinski, Dexter, and Van Dien 1998)

In the above quote, it is not clear what specifically applies to cantilever traffic signal
structures. Also, no indication was given as to when these failures occurred. The details

of the survey were apparently kept in an unpublished interim report.

Wind Tunnel Experiments

Kaczinski, Dexter, and Van Dien (1998) noted the research conducted at TTU
(see Section 2.3.2) was limited to cantilever traffic signal structures with signal heads
mounted horizontally. Therefore for their wind tunnel experiments on signal structures,
Lehigh researchers only considered the case of heads mounted vertically, testing two

aeroelastic models: Specimens A and B.
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Figure 2.10 Specimen A for Wind Tunnel Testing. Bold Face Indicates the Dimensions of the
Prototype (Kaczinski, Dexter, and Van Dien 1998)

Y Y

Specimen A shown in Figure 2.10 had a length scale of 1:8. Specimen B had the
same dimensions as Specimen A, except that it had a prismatic mast arm (i.e., the arm has
a constant diameter of 16 mm and a thickness of 0.9 mm). For both specimens, signal
heads were tested with and without backplates. Only flow from the front and from the
back was considered. During testing, the pole of the model was mounted on a dynamic
force balance to measure moments.

Lehigh researchers identified galloping-induced vibrations on only one occasion
with Specimen A having signals with backplates and flow from the back. When repeating
this same test, they were unable to reproduce the ‘galloping’ behavior nor any other
dynamic response involving Specimens A or B. They did not observe any vibrations

caused by vortex shedding.
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Finite Element Analysis

Kaczinski, Dexter, and Van Dien (1998) performed static and dynamic finite
element analysis to estimate the magnitude of galloping, vortex shedding, and natural
wind gust equivalent static fatigue limit-state loads for the different types of cantilever
support structures (signal, sign, and light). Using results from research conducted on
cantilever sign structures (not on supporting structures of traffic signals), they validated a
simple static load model for truck-induced gust loads that apply pressure in the vertical
direction to a projected area in a horizontal plane of the mast arms and attachments,
including mast arms of traffic signals. For the cases of galloping and vortex shedding of
cantilever traffic signal structures, they used as a basis the results obtained from their
wind tunnel experiments and the findings of the TTU researchers (as discussed in Section
2.3.2). Therefore, no equivalent load for vortex shedding was calculated for cantilever

traffic signal structures.

Fatigue Design

Kaczinski, Dexter, and Van Dien (1998) pointed out that Miner’s Rule (discussed
in TK) is an accepted method for predicting the fatigue life of structures under variable-
amplitude loading. Still, they indicated that:

“Because of the inherent variability in frequency and duration of wind-induced
vibrations, designing cantilevered signal, sign, and luminaries structures for a finite
fatigue life using Miner’s Rule for cumulative damage is impractical. Not only does
the possibility exist for a larger number of cycles to be accumulated in a short
period of time when resonant vibrations are induced by galloping or vortex
shedding, but the long-term cumulative effects of natural wind and truck-induced
wind gusts can also result in the development of fatigue damage.” (Kaczinski,
Dexter, and VVan Dien 1998)
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As shown in the quote on the previous page, the authors recommended an infinite
life approach for fatigue design. This approach uses a constant-amplitude fatigue limit
(CAFL) which is the stress range below which the fatigue life appears to be infinite.
Basically, the structure is designed so that less than 0.01% of the stress ranges exceed the
CAFL. The infinite life approach was developed in another NCHRP project (Fisher et al.
1993) in which full-scale welded details were tested under variable-amplitude tests with
varying percentages of the stress ranges exceeding the CAFL. The 0.01% limit was
selected because of the following:

“It was observed that failure could still occur if 0.05 percent or more of the stress

ranges exceed the CAFL and that infinite life resulted when 0.01 percent or fewer
of the cycles exceed the CAFL.” (Kaczinski, Dexter, and Van Dien 1998)

Conclusions
Their research reaffirmed that cantilevered traffic signal structures are not
susceptible to vortex shedding and that galloping is the major cause of vibrations that
may lead to fatigue failure. Yet they required that natural wind gusts and truck-induced
gusts were taken into consideration in the fatigue design of these structures. Therefore,
the AASHTO Specifications (2001) require that cantilever traffic signal structures be
designed for galloping, natural wind gusts, and truck-induced gusts, but not for vortex

shedding.

2.3.4 Missouri Department of Transportation

Over a period of six years, the state of Missouri had over 12 mast arms fail at the

arm-post connection (Hartnagel and Barker 1999), leading the Missouri Department of
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Transportation (MoDOT) to fund research projects carried out by the University of
Missouri — Rolla and the University of Missouri — Columbia. These projects included

full-scale tests and forensic investigations which are discussed below.

Full-Scale Tests

Hartnagel and Barker (1999) conducted full-scale experiments to determine the
effects that truck-induced gusts have on cantilevered traffic signal structures. They
instrumented two mast arms each with an accelerometer at the tip and with strain gages
placed both at the arm-to-post connection and at a distance away from said connection.
They measured the effects of passing traffic and observed that the back-and-forth (or out-
of-plane) bending was more severe than up-and-down (or in-plane) bending of the mast
arm, contradicting the model suggested by Lehigh University which only applies truck-
induced gust pressures in the vertical direction (as mentioned in Section 2.3.3).

Chen et al. (2001) suspected that the Missouri failures were a result of
overstressing, poor welding quality, and low fatigue strength. They conducted full-scale
experiments on two structures with the layout shown in Figure 2.11. One structure had a
54-ft long arm and the other had a 42-ft long arm. Notice from Figure 2.11 that the signal
heads are vertically mounted. This differs from the experiments conducted at TTU, where

the heads were mounted horizontally.
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Strain gage #3

Figure 2.11. Schematic of Structure Studied by MoDOT (Chen et al. 2001)

To monitor truck- and wind-induced vibrations, the two mast arms were
instrumented with strain gages at both midspan and near the arm-to-post connection and
an anemometer was used to measure the speed of wind gusts. They only took into
consideration the wind speed and not the wind direction. They found that the strains
caused by truck passage are significantly lower than the ones caused by the natural wind
gusts and that the structure with the longest mast arm had a significantly larger average
stress. They also concluded that the stress associated with the vertical vibrations caused
by natural wind gusts is less than one-third of that with the horizontal vibrations. It
appears that these researchers did not consider vibrations induced by galloping or vortex
shedding. It is possible that they did not have the appropriate conditions for these to
occur.

Chen et al. (2001) also concluded that both the wind speed and the ratio between

horizontal stress and the square of the wind speed follow a logarithmic normal
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distribution, and that since this ratio was insensitive to wind speed, its distribution could
be used for weak and strong wind gusts. To determine the wind speed distribution at
Columbia, Missouri, they used data provided by the National Climatic Data Center
collected from 1969 through 1978. The original data included monthly and annual
statistics on the occurrence of wind events at various hourly mean wind speeds in 16
horizontal directions. Chen et al. (2001) grouped the wind gusts with the same wind
speed into one category, regardless of direction. For the ratio distribution they used a total
of 969 seconds of accumulated data collected from the two instrumented mast arms.

Chen et al. (2001) suggested the following procedure to estimate the number of
stress cycles in the horizontal direction at various levels due to natural wind gusts and to

predict the fatigue life of an instrumented signal structure:

1. “Analyze the historical wind gust records (10 years) in the vicinity of the
instrumented structures to determine the statistical distribution of the wind
speed.

2. Determine the number of cycles at various stress levels (normalized by the
square of wind speed) from the field test data on the instrumented mast arms.

3. Extrapolate the stress distribution in Step 2 into the corresponding stress for
the rare wind gust at higher speed.

4. Compute the number of cycles corresponding to different stress ranges by
multiplying the wind speed distribution by the load spectrum from Steps 2
and 3.

5. Determine the number of cycles that the mast arm can endure before a fatigue
failure occurs under different cyclic loads of constant amplitude.
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6. Divide the results in Step 4 by those of Step 5 to calculate the minor damages
and combine them to predict the fatigue life of the signal structure under a
variable stress loading.” (Chen et al. 2001)

What Chen et al. suggested in Step 6 is the application of Miner’s Rule, which was
discussed in Section 2.3.

The procedure suggested by Chen et al. is very similar to the method to predict
the fatigue life that was recommended by South (1994) in his report for the Illinois
Department of Transportation, as discussed in Section 2.3. Both procedures try to predict
the fatigue life by estimating the number of horizontal-vibration cycles instead of the
vertical ones, both use wind speed in their calculations without considering wind
direction, and both use Miner’s Rule (although South also discussed other methods for

estimating the fatigue damage under variable-loading conditions) .

Forensic Investigation

Chen et al. (2002 and 2003) performed a forensic investigation of several failed
mast arms. They concluded that “the main culprit for the premature fatigue failure of
mast arms in Missouri can be attributed to poor weld quality” (Chen et al. 2003). Most of
the information of this research is concentrated on the specifics of the arm-post
connection (as shown in Figure 2.12), which is out of the scope of this dissertation. Still
one interesting observation for this dissertation was the following:

“The cracks on almost all the failed mast arms are located at the connection of the
arm to the base plate. They were observed to initiate on the top of the arms and are

primarily associated with the bending effect of the mast arms in the vertical plane”
(italics are current author’s emphasis). (Chen et al. 2002)
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Post )
Weld around the arm

/ Arm

Figure 2.12. Typical Arm-Post Connection used by MoDOT (Chen et al. 2001)

2.3.5 University of Wyoming
Based on the recent failure of two cantilever traffic signal structures in the state of
Wyoming (Gray et al. 1999; Hamilton, Riggs, and Puckett 2000), research on this topic
commenced at the University of Wyoming. The structure that they studied is shown in
Figure 2.13, with a connection as shown in Figure 2.14. Notice in Figure 2.13 that the
signal heads are mounted vertically, similar to the structures studied by MoDOT, which
differs from the typical TXDOT orientation studied by TTU. Also notice in Figure 2.14
that the base plate of the mast arm is at an angle with respect to the vertical axis of the
pole. A typical connection used by TXDOT is the one shown in Figure 1.3, in which the

base plate is parallel to the pole’s longitudinal axis.
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Figure 2.13. Test Cantilevered Traffic Signal Structure in Wyoming
(Hamilton, Riggs, and Puckett 2000)

Previous fatigue tests caused
cracking at toe of pipe/plate weld. |

Cracking has been found in
the vertical post at the toe of
the welds. The cracks have
generally radiated from the
corners and have been noted
at both the top and the
bottom of the box. This
pattern has been found in
both the open and closed
connections.

Figure 2.14. Connection Detail used in Wyoming
(Hamilton, Riggs, and Puckett 2000)
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Gray et al. (1999) reported that the failures occurred at the connection between
the mast and the pole and were due to fatigue cracking on the pole near the base of the
weld (see Figure 2.14) resulting from vibrations caused by the wind. Through finite
element analysis, the researchers suggested that out-of-plane (or horizontal) bending
might be a major consideration in fatigue crack formation on the pole near the connection
to the mast arm because they create much higher stresses than the vertical moments.

Hamilton, Riggs, and Puckett (2000) instrumented a signal (like the one shown in
Figure 2.13) and observed that the tip of the mast arm displaces in a circular or elliptical
pattern. They indicated that the motion created nominal biaxial stresses which occur at
the corner of the connection. Figure 2.15 shows the in-plane and out-of-plane moments
they plotted incrementally as a function of time. This figure represents a trace of how the
tip displacement would appear. These researchers did not indicate under what wind

speeds they obtained this sketch, nor the length of time of the data.
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Figure 2.15. Combination of In-Plane and Out-of-Plane Motion
(Hamilton, Riggs, Puckett 2000)
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Hamilton, Riggs, and Puckett (2000) found from a literature review that galloping
was recognized as the primary cause of damaging motion in cantilever traffic signal
structures. However, because they observed that the damage that was occurring in
Wyoming had been primarily at the pole near the toe of the weld between the box
connection and the pole (see Figure 2.14) and because of the circular/elliptical
displacement of the tip of the arm they observed (see Figure 2.15), they believed that out-
of-plane motions due to natural wind gusts played an important factor in the failures.
Therefore they stated that both in-plane (galloping) and out-of-plane (gust) motions are

significant contributors to the fatigue damage of the Wyoming structures.

2.3.6  University of Minnesota

Dexter and Ricker (2002) continued at the University of Minnesota the research
that was carried out at Lehigh University on cantilever signal, sign, and light supports
(see Section 2.3.3). They focused on loads resulting from variable-message signs,
methods for mitigating galloping effects, methods for tightening anchor bolts, methods
for identifying structures and sign configurations susceptible to galloping, and
characterization of importance factors, which are all outside the scope of this study. They
also developed a guide on design, installation, inspection, and maintenance of
cantilevered supports in which they suggest that traffic signal structures be inspected at
least every 4 years.

Another research outside the scope of this study is that conducted by Ocel,

Dexter, and Hajar (2006) in which they tested the fatigue resistance of two mast arm-to-
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pole connections commonly used in cantilever traffic sign and signal structures in the
state of Minnesota. They offered recommendations on how to make the connections

stronger.

2.3.7 The University of Texas at Austin

Researchers at the University of Texas at Austin conducted full-scale experiments
to study wind-induced vibrations of cantilever traffic signal structures, particularly
investigating the loading effects of galloping and truck-induced gusts. For the galloping
research, Florea (2005) instrumented three in-service cantilever traffic signal structures
each with an anemometer, strain gages, and an accelerometer, as shown in Figure 2.16.
The instrumented structures had signals oriented horizontally. Data was recorded for
about nine months. Florea (2005) reported “although four large amplitude-displacement
events were captured and gave insight into the behaviour of the structures in windy

conditions, none of them were determined to be true galloping events.”

z
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Figure 2.16 Equipment Layout for Galloping Experiment (Florea 2005)
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Also of interest are the results they obtained in their research on truck-induced
vibrations. Albert (2006) instrumented two in-service structures with anemometers and
strain-gages and used a radar gun to measure the effect of truck speed. The following
statement summarizes his findings:

“Interestingly, the truck-induced gusts caused a greater effect in the out-of-plane
direction (same direction as traffic flow) instead of the in-plane direction that is
included in the AASHTO Specifications. It was determined that overall natural

wind gusts produce a larger response in cantilevered traffic signal structures than
gusts produced by trucks passing beneath the signals.” (Albert 2006)

These results agree with the ones obtained for MoDOT by Hartnagel and Barker (1999)
and Chen et al. (2001), as discussed in Section 2.3.4, even though the Missouri signals

were oriented vertically, while the Texas signals were oriented horizontally.

2.4 Summary

Vortex shedding, galloping, natural wind gusts, and truck-induced gusts have
been identified as potential wind loading phenomena that could lead to excessive
vibrations and fatigue of signal, sign, and light cantilever support structures (Kaczinski,
Dexter, and Van Dien 1998). In their latest edition, the AASHTO Specifications (2001)
take into consideration these phenomena on the section they dedicated to fatigue design.

For the specific case of cantilever traffic signal structures, experimental results
have led researchers to believe that galloping is the main cause of large-amplitude
vibrations that cause the fatigue failure of mast arms and other components of these
structures, that natural wind gusts are contributors to fatigue failure, and vortex shedding

does not cause significant vibrations. This is reflected in the AASHTO Specifications
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(2001) which do not consider vortex shedding in the fatigue design of cantilever traffic
signal structures. Although these specifications give provisions to prevent fatigue against
them, the effects of truck-induced gusts appear to be negligible, as suggested by recent

research (Hartnagel and Barker 1999; Chen et al. 2001; Albert 2006).
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CHAPTER 3

FULL-SCALE EXPERIMENTS

3.1 Introduction

Full-scale experiments were conducted with two out-of-service cantilever traffic
signal structures installed at the Reese Technology Center facilities of the Wind Science
and Engineering Research Center of Texas Tech University (see Figure 3.1). Each
structure is instrumented with a sonic anemometer mounted above the mast together with
a video camera monitoring the motion of the tip of the cantilever arm. This chapter

summarizes the full-scale experiments and the results obtained.

Figure 3.1 The Two Cantilever Traffic Signal Structures Tested at Reese Technology Center
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3.2 Experimental Setup

3.2.1 Geometry and Light Configuration

The two structures tested are known as Traffic Signal 1 (TS1) and Traffic Signal 2 (TS2).
Both TS1 and TS2 are fabricated from steel and have straight arms, 60-ft in length for
TS1 and 44-ft for TS2. TS1 has one 5-light signal head and three 3-signal heads; while
TS2 has one 5-signal head and two 3-signal heads. All signals have removable
backplates. The signal heads are mounted horizontally at the height of the mast arm. A
street sign is also attached on the arm near the mast. More details of the geometry and
light configuration of the structures for the case when the signals have backplates are
shown in Figure 3.2 and 3.3. Details of the dimensions of the signal heads are shown in
Figure 3.4.
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- Base outside diameter = 15.5 in

- \all thickness = 0.3125in

Pole dimensions:
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- Base outside diameter = 21 & in
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Figure 3.2 Geometry and Light Configuration of TS1 (60" mast arm)
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Material: Steel

Mast arm dimensions:

- Tip outside diameter=5.125in
- Base outside diameter=11.4 in
- Wall thickness = 0.25in

191t-7in

Fole dimensions:

- Tip outside diameter=12in

- Basze outside diameter=14.5 in
-Wall thickness = 0,375 in

Figure 3.3 Geometry and Light Configuration of TS2 (44’ mast arm)
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Figure 3.4 Dimensions of Signal Heads Used in Full-Scale Experiments (shown with backplates)

3.2.2 Foundations
Each structure rests on a foundation that allows the whole mast arm assembly to

be rotated in 15° increments. Each foundation consists of a circular steel plate on top of a

reinforced concrete pile, as shown in Figure 3.5. More details on the base plates and

foundations are presented in Figure 3.6 and Figure 3.7.
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Figure 3.7 Foundation Details

3.2.3 Instrumentation

Figure 3.8 shows a schematic layout of the instrumentation used to collect data for

each structure. The instrumentation consists of the following:

e Infrared target made of two Nerlite S-40 infrared lights. The target is rigidly
attached near the tip of the arm, as shown in Figure 3.9.

e Basler A601 video camera with National Instrument Compact Vision System
(CVS) 1454 to collect displacement data. The camera and the CVS are placed
inside a camera enclosure, which is mounted on top of the mast, pointing
toward the tip of the arm. The camera has a filter to capture only the two
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lights of the infrared target. The camera has a resolution of 0.12 inches at a
distance of 60 ft from the target and is set for a sampling rate of 30 Hz. The
position of each infrared light is collected and used to calculate the X and Y
coordinate in pixels of the midpoint between the two lights. These instruments
are calibrated by using the physical separation of the centers of the infrared
lights (G Systems 2005). The instruments, along with the coordinates, also
record calibration factors for each X and Y coordinates to change the values
from pixels to inches. Other data collected by these instruments that was not
used in this research is: radius in pixels and circularity factors for each of the
infrared lights, angle in degrees for the segment between the infrared lights,
calculated metric threshold value used in the image analysis, and cumulative
image buffer number.

R. M. Young Model 81000 ultrasonic anemometer mounted about 4 ft above
the top of the pole. The anemometer measures three-dimensional wind
velocity and is also sampled at 30 Hz. It collects u, v, and w wind components
as voltages. The anemometer is oriented so that positive u and v are measured
as shown on Figure 3.10, with w being the vertical component, which is
positive going upwards. Also shown on Figure 3.10 is the angle of attack sign
convention. The anemometers were calibrated by the manufacturer in a wind
tunnel before data collection began and the calibration is usually good for two
years. Table 3.1 lists the wind speed and direction resolutions and accuracies
of the anemometer for wind speeds in the range of 0 to 67 mph. This
instrument also records relative humidity and temperature, but this data was
not used in this research.

National Instruments FP-2000 Intelligent Ethernet Controller Interface for
FieldPoint which gathers the data from the anemometer and the camera/CVS
and sends it to a computer at the field site.
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Figure 3.8 Instrumentation

Figure 3.9 Infrared Target as Viewed from Top of Pole
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ﬁ Angle of sttack

a Wind Direction

Figure 3.10 Anemometer Orientation and Angle of Attack Sign Convention

Table 3.1 Resolution and Accuracy of Anemometer for Wind Speeds in the 0-67 mph Range

Measurement Resolution Accuracy
Wind speed 0.22 mph + 1% rms = 0.11 mph
Wind direction 0.1° +2°

This instrumentation only measures the relative displacement of the tip of the arm
with respect to the mast/pole top. It does not account for any displacement of the pole
itself. This research is mostly interested in this relative displacement because most

fatigue failures occur in the arm, close to where it connects to the pole (Pulipaka 1995;
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Gray et al. 1999; Hartnagel and Barker 1999; Hamilton, Riggs and Puckett 2000; Chen et

al. 2001; Cook et al. 2001).

The field site computer has software developed by G Systems (2005) and

designed to save the data collected by four instruments:

1.

4.

Anemometer of TS1,
Camera/CVS of TS1,
Anemometer of TS2, and

Camera/CVS of TS2.

The software starts recording data from all four instruments at the same time. One

hour later, the software stops recording, saving a time history file for each of the four

instruments, and one minute later begins data collection again. The file name convention

is as follows:

M R##H# DTmmddyy TMhhmmss_TR_D## HW_Platform.csv

M#### is MODE number. The number can be changed to describe different
experiments.

R#### is RUN number. The number automatically increases by one for each
new run. One hour of data is a run.

DT is the DATE of the run.
TM is the TIME that the run file was created.

TR is the indication that this is a run data file rather than another type of file
such as calibration data.

D## is the device number.
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D01 = anemometer on TS1
D02 =CVSonTS1
D03 = anemometer on TS2
D04 =CVSonTS1

O O O O

e HW is the hardware type: FP for anemometer data or CV for camera data.

e Platform is the platform type, in this case SIGNALLIGHT. (This software is
used on other experiments, so those would have different platforms.)

It is noted here that the four data files recorded at the same time have almost the same
name, but they can be differentiated by the device number and the hardware type.

Approximately once a week, the recorded data was taken from the field computer
and saved on a server at the Wind Science and Engineering Research Center. There the
data was processed with software developed at Texas Tech. This software groups the four
hour-long files recorded at the same time into one file, converting both the voltages
collected by the anemometers and the displacements collected by the cameras to
engineering units (mph and inches, respectively). For the processed data, the file name
convention is as follows:

M R##H# DTmmddyy TMhhmmss

where:

o M#### is MODE number. The same mode number that it had when the data
was collected.

o R#### is RUN number. The same run number that it had when the data was
collected.

e DT is the DATE when the data was processed.

e TMis the TIME when the data was processed.
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Each processed file has approximately 108,000 lines (1 hour collection at a 30 Hz
sampling rate), but it has exactly 24 columns.
Table 3.2 lists the content of each of the columns of processed files.

Table 3.2 Content of Each Column of the Processed Files

Column No. Content
1 Temperature of TS1 (Fahrenheit)
2 U velocity component for TS1 (mph)
3 V velocity component for TS1 (mph)
4 W velocity component for TS1 (mph)
5 X coordinate of the midpoint between infrared lights for TS1 (inches)
6 Y coordinate of the midpoint between infrared lights for TS1 (inches)
7 Calibration factor for X coordinate of TS1 (inches/pixels)
8 Calibration factor for Y coordinate of TS1 (inches/pixels)
9 Temperature of TS2 (Fahrenheit)
10 U velocity component for TS2 (mph)
11 V velocity component for TS2 (mph)
12 W velocity component for TS2 (mph)
13 X coordinate of the midpoint between infrared lights for TS2 (inches)
14 Y coordinate of the midpoint between infrared lights for TS2 (inches)
15 Calibration factor for X coordinate of TS2 (inches/pixels)
16 Calibration factor for Y coordinate of TS2 (inches/pixels)
17 Wind velocity for TS1 (mph)
18 Wind direction for TS1 (mph)
19 Along-wind velocity component for TS1 (mph)
20 Cross-wind velocity component for TS1 (mph)
21 Wind velocity for TS2 (mph)
22 Wind direction for TS2 (mph)
23 Along-wind velocity component for TS2 (mph)
24 Cross-wind velocity component for TS2 (mph)
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3.2.4 Quality Assurance Measures

Data from the West Texas Mesonet station located at Reese Technology Center
was sporadically used for comparison to assure that the data collected by the
anemometers on the traffic signals was of good quality. This station is located less than
1,500 ft away from each of the signals. (Details about the station are given in Section
5.2.1.) Figure 3.11 is an example of such a comparison in which a random hour of data
collected by the anemometers of TS1 and TS2 was used to calculate 5-minute mean time
histories of wind speed and direction and these were compared to data collected by the
Mesonet station. A moderate difference is expected between the wind speeds collected by
the Mesonet and the traffic signals because the Mesonet collects data at a height of 33 ft,
while TS1 and TS2 record wind velocities at 27 and 24 ft, respectively. Still, similar time
histories are expected for wind directions because normally only small changes of wind
direction occur between a few hundred feet above the ground (Liu 1991).

To monitor the quality of data collected by the camera/CVS, the time history of
the X and Y coordinates of the two infrared lights was used to calculate a time history of
the distance between the two infrared lights of each hour-long file. This calculated
distance should remain close to constant, since the actual distance of the lights never
varies. Figure 3.12 shows an example of a comparison being made. Notice that the
calculated values show little variability and they remain fairly close to the actual value.
Using the time history of the calculated distance, an average value was computed. If a run
had an average value with an error of more than 1.5 %, then the run was not considered

of good quality and it was not used for analysis of results.
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Figure 3.11 Comparison Between Traffic Signals’” Anemometers and Mesonet Wind Data
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3.2.5 Pluck Test

A pluck test was conducted to determine the fundamental frequencies and the
damping ratios of the arms of the structures at the Reese site. The tests were conducted
by pulling and pushing the tip of the arm in either the horizontal or the vertical direction
and then letting the arm vibrate freely until it stopped. There were a total of four cases
tested:

1. Horizontal vibrations of 60-ft arm,

2. Vertical vibrations of 60-ft arm,

3. Horizontal vibrations of 44-ft arm, and

4. Vertical vibrations of 44-ft arm.

For each of the four cases, three runs were conducted. While conducting the runs,
the instrumentation would record a time history of the displacement. Figure 3.13 is an
example of a plotted time history of one run for the case of the 44-ft arm with horizontal
vibrations. This history has a length of 56.13 seconds, and it can be seen from the figure
that 50 cycles of motion were completed, so the fundamental frequency was calculated

as:

i =20 _0g9Hz (3-1)
56.13

The damping ratio is determined by using the Logarithmic Decrement method
(Paz 2002), which in Figure 3.13 is represented by the red curve. The curve should be
given by:

X = Aexp(—{w, t) (3-2)
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where:
&= damping ratio
o = fundamental circular frequency = 2rf,
t=time
A = initial amplitude or X att=0
Therefore, for the case of Figure 3.13, the damping ratio is calculated as:

0028 0.028

6= 27 f,  27(0.89)

= 0.50 % (3-3)

The results obtained for the three runs were used to calculate average values for

each case. The resulting average values are presented in Table 3.3.

ElATeEY

Figure 3.13 Pluck Test Run for Case of 44-ft Arm Under Horizontal Vibrations
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Table 3.3 Fundamental Frequency (f,) and Damping Ratio (¢) of Mast Arms

Mast Arm Length

60 ft 44 ft
fo
Horizontal 0.92 Hz 0.89 Hz
Vertical 0.98 Hz 0.98 Hz
¢
Horizontal 0.25% 0.55 %
Vertical 0.23% 0.28 %

3.2.6 Experimental Program

The experimental program is summarized in Table 3.4 with each experiment
given a mode number. Only Modes 1100 and 1101 are discussed in this report. Initially,
the traffic signals were set up at the Reese site with the arm pointing east (meaning that
the camera also pointed east) to take advantage of the predominant north-south winds in
the area. Although some interesting and significant data was collected under these
conditions, the camera had problems collecting data during the morning, when the sun
was rising. So a decision was made to change the orientation of the structures to have the
arm pointing north. Later, modifications were made to the software that allows data

collection with the structure pointing to the southeast.
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Direction to which

Mode Experiment description . Dates
mast arm points

1100 Signals with backplates north April 2005 — March 2006

1101 Signals without backplates north March 2006 — Feb. 2007

1102 Used for equipment north March 2007
adjustment

1103 Signals with vented southeast March — June 2007
backplates

1104 Used for equipment southeast June 2007
adjustment

1105 Signals with backplates and southeast July — Sept. 2007

mast arm with damping
device

3.3 Results

In this section three sets of results are discussed:

1.

2.

3.

the preliminary data obtained on March 29, 2005, for TS2 with the arm

pointing east and the signals with backplates,

the data obtained under Mode 1100, and

the data obtained under Mode 1101.
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3.3.1 March 29, 2005

On March 29, 2005, data was recorded only for TS2 (the structure with a 44-ft
arm) when it was recently operational and had its arm pointing east and signals with
backplates. The instrumentation recorded vertical vibrations of the arm tip with peak-to-
peak oscillations as large as 11 inches. Presented in Figure 3.14 are 10 hours of the
recorded data. The orientation of the u- and v-components is shown in Figure 3.10. The

vertical component (w) is positive when upwards.
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Figure 3.14 Wind and Displacement Data Collected on March 29, 2005
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Figure 3.15 Time Histories of Total Wind Speed, Angle of Attack, and Tip Displacement

The u-, v-, and w-components were vectorially added to obtain a time history of
the wind speed and the u- and v-components were used to calculate the angle of attack

(with sign convention shown in Figure 3.10). The results are shown with the recorded

coordinates in Figure 3.15.
The following observations are made:
1. Horizontal vibrations had larger amplitudes when the wind is more turbulent.

2. Vertical vibrations had larger amplitudes when the total wind speed averaged
about 10 mph.

3. Vertical vibrations reached much higher amplitudes than horizontal
vibrations.
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4. When the vertical vibrations are larger, the horizontal vibrations are smaller,
and vice versa.

After evaluating sample lengths of between 30 and 300 seconds, 100 cycles of
vibrations were selected for subsequent analyses. Knowing that the fundamental
frequency of the structure is close to 1 Hz, the data presented in Figure 3.15 was divided
into smaller segments of 100 seconds. For each segment the mean and the standard
deviation of the total wind speed and the angle of attack were calculated, along with the
standard deviation of the horizontal and the vertical coordinates. These values were used
to produce the plots presented in Figure 3.16 to Figure 3.23. In lieu of peak amplitudes of
vibration, standard deviations directly proportional to the amplitudes of vibration are
plotted in Figures 3.16 through 3.23, and throughout the remainder of this report.

Figure 3.16 shows that low-amplitude horizontal vibrations occurred when the
mean wind speed was about 10 mph and that vibrations increased as the total wind speed
increased. In Figure 3.17 it can be seen that high-amplitude vertical vibrations were
observed when the total wind speed was between 10 and 12 mph. From Figure 3.18 no
clear relationship can be established between the horizontal vibrations and the turbulence
intensity. Likewise, no relationship can be established clearly between the vertical
vibrations and the turbulence intensity by observing Figure 3.19.

Figure 3.20 demonstrates there was more scatter in the horizontal vibrations when
the angle of attack was over 130°. Figure 3.21 shows larger vibrations occurred when the

angle of attack was below 130°. In Figure 3.22 it can be seen that larger horizontal
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vibrations occurred when there was higher variability in the angle of attack. To the
contrary, Figure 3.23 shows that higher vertical vibrations occurred when the angle of

attack was less variable.
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Figure 3.16 Effect of Wind Speed on Horizontal Vibrations of the Arm
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Figure 3.17 Effect of Total Wind Speed on Vertical Vibrations of the Arm
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Figure 3.18 Effect of Turbulence on Horizontal Vibrations of the Arm
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Figure 3.19 Effect of Turbulence on Vertical Vibrations of the Arm
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Figure 3.20 Effect of Wind Angle of Attack on Horizontal Vibrations
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Figure 3.21 Effect of Wind Angle of Attack on Vertical Vibrations
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Figure 3.22 Effect of Variations in Angle of Attack on Horizontal Vibrations
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Figure 3.23 Effect of Variations in Angle of Attack on Vertical Vibrations

As explained before, Figure 3.16 to Figure 3.23 were plotted using data segments

of 100 seconds. It should be pointed out that data was also analyzed using longer and

shorter segments and the same trends were observed. An example of this is shown in

Figure 3.24 in which the effect of the total wind speed on vertical vibrations is plotted

using both 100- and 300-second segments. In both cases it can be seen that high-

amplitude vertical vibrations are observed when the total wind speed is between 10 and

12 mph.
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Figure 3.24 Comparison of Data Analysis Using Segments of 100 and 300 Seconds

The Strouhal number when the wind was approximately perpendicular to the
backplate vibrating at 0.98 Hz and using a cross-wind body width (B) of a traffic signal

head with backplate is:

_ fB _(0.98Hz)(23in) _(0.98Hz) (1.92ft)
U 11mph 16 ft/sec

St 0.12 (3-4)

This Strouhal number is close to the published value of 0.15 for a flat plate perpendicular
to the flow (Blevins 1977; Hirsch and Bachmann 1995) and the response exhibits the

classic lock-in phenomena for vortex shedding.
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3.3.2 Mode 1100

From April 2005 to March 2006, data was collected under Mode 1100 with the
arm pointing north and the signals having backplates. During this period, 4858 hours of
data were collected for both TS1 and TS2. All the data was analyzed by dividing the long
time histories into 2-minute segments, calculating summary statistics for different
measured parameters, and plotting graphs. Some of the graphs are presented and
discussed here. To see all the plotted graphs, refer to Appendix A. Outline data points
have been retained for completeness and have not been individually validated.

Figure 3.25 and Figure 3.26 show the effect of the wind speed component
perpendicular to the arm (the u-component) on the vertical vibrations of TS1 and TS2,
respectively. A positive u means that it approaches the mast arm from behind the signals
(as shown in Figure 3.10). In the case of TS1, there seems to be higher vibrations when u
is about -10 and +7 mph, but unlike the data of May 29, 2005, only very occasionally did
the standard deviation of Y exceed 2 inches. The few times it did, it was mostly in the
speed range of 0 to +10 mph. For TS2, there were more cases of the standard deviation of
Y exceeding 2 inches, and most of these were also in the 0 to +10 mph range, with only
three cases in the -5 to 0 mph range.

Figure 3.27 and Figure 3.28 show the effect of the mean wind speed (the vector
sum of u, v, and w) on the vertical vibrations of the mast arm of TS1 and TS2,
respectively. Notice that in both cases, the standard deviation of Y never exceeds 2 inches

when the mean wind speed is over 25 mph.
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Figure 3.29 and Figure 3.30 show the effect of wind direction on the vertical
vibrations of the arms of TS1 and TS2, respectively. (The sign convention of the angle of
attack is given in Figure 3.10.) For the case of TS1, there is a concentration of cases at
around 60 and 300 degrees, but again very few cases exceeded a standard deviation of Y
of 2 inches. For both TS1 and TS2, most of the higher vibrations (standard deviation of Y
over 2 inches) occur between 0 and 180 degrees, which corresponds to when there is a
wind component blowing from the back of the signals. The exceptions are one and three

data points for TS1 and TS2, respectively.
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Figure 3.25 Effect of u-Component on Vertical Vibrations of TS1 with Backplates

72



Texas Tech University

TS2 (44-ft mast arm)
8 T T T T T T

w
T
!

Standard deviation of Y (in)
w o~
T
1

ol—= - 4
-50 -40 -30 -20 -10 0 10 20 30
Mean of u-component (mph)

Figure 3.26 Effect of u-Component on Vertical Vibrations of TS2 with Backplates
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Figure 3.27 Effect of Mean Wind Speed on Vertical Vibrations of TS1 with Backplates
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Figure 3.28 Effect of Mean Wind Speed on Vertical Vibrations of TS2 with Backplates
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Figure 3.29 Effect of Angle of Attack on Vertical Vibrations of TS1 with Backplates
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Figure 3.30 Effect of Angle of Attack on Vibrations of TS2 with Backplates

Very few cases of large vibrations were observed under Mode 1100, possibly
because wind conditions were less than ideal given that most of the time the angle of
attack was between 180 and 360 degrees (the u-component approaches the signals from
the front), as shown in Figure 3.31. In this figure each range is of 20 degrees and the x-

axis labels indicate the midpoint of the range.
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Figure 3.31 Number of Observations per Range of Angle of Attack for Mode 1100

3.3.3 Mode 1101

From March 2006 to February 2007, data was collected under Mode 1101 with
the arm pointing north and the signals having no backplates. During this period, 2862
hours of data were collected for TS1 and 2037 hours of data were collected for TS2. The
reason for not having the same number of hours of data for TS1 and TS2 and for not
having as many hours as for Mode 1100 is that there were problems with the infrared
lights of the target. At different times, moisture got into the lights, causing them to
malfunction. So at times the TS1 instrumentation was working correctly, while the TS2

instrumentation was being repaired, and vice versa. As before, all data was analyzed by
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dividing the long time histories into 2-minute segments, calculating summary statistics
for different measured parameters, and plotting graphs. All the plotted graphs are
presented in Appendix B. Some of those graphs are discussed here.

Figure 3.32 and Figure 3.33 show the effect of the mean wind speed on the
vertical vibrations of the mast arm of TS1 and TS2, respectively. Notice that the few
times the standard deviation of Y was higher than 2 inches (all of them for TS1), the
mean wind speed was below 25 mph. For TS2, the standard deviation of Y was never
higher than 2 inches.

Figure 3.34 and Figure 3.35 show the effect of wind direction on the vertical
vibrations of the arms of TS1 and TS2, respectively. (The sign convention of the angle of
attack is given in Figure 3.10.) For the case of TS1, there are a concentration of cases at
around 90 and 310 degrees, but again very few cases exceeded a standard deviation of Y

of 2 inches.
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Figure 3.32 Effect of Mean Wind Speed on Vertical Vibrations of TS1 without Backplates
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Figure 3.33 Effect of Mean Wind Speed on Vertical Vibrations of TS2 without Backplates
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Figure 3.34 Effect of Angle of Attack on Vertical Vibrations of TS1 without Backplates

Standard deviation of ¥ (in)

TS2 (44-ft mast arm)
T

o
T

S

w

) Eelimac it

o3

=B

0 50

100

150 200 250 300 350

Mean of wind direction (degrees)

Figure 3.35 Effect of Angle of Attack on Vertical Vibrations of TS2 without Backplates
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Figure 3.36 Comparison between Modes 1100 and 1101

Figure 3.36 compares the vertical vibrations results of Modes 1100 and 1101. For
this figure, the data of Mode 1101 was plotted on top of the Mode 1100 data. Even
though more hours of data were recorded for Mode 1100 than for Mode 1101, it is
apparent from the figure that the structures with backplates (Mode 1100) vibrate more
than the structures without backplates (Mode 1101).

Assuming that cross-wind vibrations are more prone to occur when the wind
approaches the signals from behind (between 0 and 180°), then TS1 had a better chance
of recording significant vibrations during Mode 1101 than it did during Mode 1100 and

than TS2 under any mode. This becomes apparent in Figure 3.37, where it can be seen
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that for most of the time the angle of attack was between 0 and 180 degrees (the u-
component approaches the signals from the behind). In this figure, each range is of 20
degrees and the x-axis labels indicate the midpoint of the range. Even with these
favorable conditions, TS1 did not vibrate much during Mode 1101, most probably due to

the removal of backplates.
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Figure 3.37 Number of Observations Per Range of Angle of Attack for Mode 1101

3.4 Conclusions

It has been observed throughout this experiment that large amplitude vertical

vibrations of mast arms with signals with backplates occur for the most part at low wind
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speed ranges, and as the wind speed increases the amplitude of the vertical vibrations
decreases. Having large vibrations at a certain wind speed and direction ranges reflect the
typical behavior of vibrations induced by vortex shedding. This contradicts the generally
accepted belief that vortex shedding does not cause significant vibrations of mast arms
that could lead to fatigue failure. This is generally attributed to galloping (Pulipaka,
Sarkar, and McDonald 1998; Kaczinski, Dexter, and Van Dien 1998; AASHTO 2001;
Cook et al. 2001; Dexter and Ricker 2002), where larger vibrations occur at increasingly
higher wind speeds. This phenomenon was not captured in this experiment.

It seems that the higher amplitude vertical oscillations have a greater probability
of occurring when the wind speed is between 5 to 15 mph. It also appears that they are
more likely to occur when the wind approaches the mast arm from the back of the signal
(i.e., an angle of attack between 0 and 180°) and when the signals have backplates.

Very few large-amplitude vibration cases were observed under Mode 1100
(signals with backplates), possibly because wind conditions were less than ideal. This is a
typical difficulty of conducting full-scale experiments. Still, the large amplitude
vibrations that were collected during March 29, 2005, appear to indicate that cantilever

traffic signal structures are susceptible to vibrations due to vortex shedding.
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CHAPTER 4

WIND TUNNEL STUDIES

4.1 Introduction

From August 15 to December 15, 2005, the research was conducted at the
Boundary Layer Wind Tunnel Laboratory (BLWTL) at the University of Western
Ontario (UWO) located in London, Ontario, Canada. With its state-of-the-art facilities
and 40 years of operation conducting wind tunnel tests for countless research and
commercial projects, the BLWTL is the premiere facility of its kind in the world.

An aeroelastic model of a cantilever traffic signal structure was designed and
tested in one of the wind tunnels of the BLWTL. Once back at TTU, the researcher used
the same design to construct another aeroelastic model of a cantilever structure and tested
it in the TTU Boundary Layer Wind Tunnel.

This chapter summarizes the wind tunnel experiments conducted at both UWO

and TTU.

4.2 Dimensional Analysis

Table 4.1 shows the six scales that were taken into consideration for the design of

the wind tunnel model. The length, density, and velocity scales are straightforward.
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Following is an explanation of how the mass, elastic stiffness, and time scales were
obtained. Also included in this section is a brief explanation of Froude’s model law,

which was also considered during the design of the wind tunnel model.

Table 4.1 Scale Parameters Considered in Wind Tunnel Modeling

Parameter Scale
Length (L) A=LnlLy
Density (p) Ao =Pl pp
Velocity (U) Au=UnlU,
Mass (M) YNEVIIN
Elastic stiffness (EI) de =t
Time (T) Ar=A Ay

Note: Subscripts m and p denote model and prototype, respectively.

4.2.1 Mass Scale
The mass scale can be expressed as:

/m = Mn [ My (4-1)
where My, and M, are the model mass and the prototype mass, respectively. It is
commonly known that mass of an object can be calculated as:

M=pV (4-2)

where p is the density and V is the volume. Therefore Equation (4-1) can be written as:
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A= (pm Vi) 1 (pp Vo) = (pm [ pp) (Vim I V) (4-3)
The term (pm / pp) is the density scale 4,. It is known that the units for volume are the
units of length to the third power. Therefore the term (Vin / V) is the same as (L3 / Lp3),
which is the cube of the length scale (i.e., Ly’ / L,> = 4.%). Thus Equation (4-3) can be
expressed as follows:
2= (om ! pp) (Vi / V) = 2 20 (4-4)

Equation (4-4) is the mass scale presented in Table 4.1.

4.2.2 Elastic Stiffness Scale
The elastic stiffness scale can be expressed as:
a1 =(Emln) / (Eplp) = (En/ Ep) (In/ 1) (4-5)
where Er, and E, are the modulus of elasticity of the model and the prototype,
respectively, and I, and 1, are the moment of inertia of the cross-section of the model and
the prototype, respectively.
The non-dimensional Cauchy number is the ratio of internal forces in a structure
to inertial forces in the air (Holmes 2001). It can be written as:
Ca=E/(pa U?) (4-6)
where p, is the density of air. Assuming that the density of air in the wind tunnel is equal
to the one around the prototype and requiring that the Cauchy number of the model is

equal to the Cauchy number of the prototype, then:
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[En / (pa Un)] = [Ep / (pa Up)] (4-7)
(Em/ Ep)= (Un’ 1 Up’) (4-8)
(Em/ Ep)=A° (4-9)

It is known that the units for moment of inertia are the units of length to the fourth power.

Therefore the term (I / 1) is the same as (Lt / Lp4), which is the length scale to the

fourth power (i.e., Ln*/ L,* = .%). Therefore Equation (4-5) can be changed as follows:
261 = (Em/ Ep) (In/ 1p) = A® A* (4-10)

Equation (4-10) is the elastic stiffness scale presented in Table 4.1.

4.2.3 Time Scale
The non-dimensional Strouhal number can be written as:
St=f,L/U (4-11)
where f, is the fundamental frequency of the structure. Requiring that the Strouhal

number of the model is equal to the Strouhal number of the prototype, then:

fn L/ U =Ty Ly / Up (4-12)
/5= (Un/ Up) (Lp/ L) (4-13)
fn/fy= (Un/ Up) / (L / Lp) (4-14)
A=Al (4-15)

where /s is the frequency scale. Recognizing that the units of frequency are the inverse of
the units of time, then:
Jr=11 k=1l (4-16)

Equation (4-16) is the time scale presented in Table 4.1.
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4.2.4 Froude’s Model Law

In wind tunnel modeling, one law that is often used is Froude’s model law, which
accounts for inertial and gravitational forces, but disregards viscous forces (Dyrbye and
Hansen 1997). This law requires that the Froude number of the model be equal to the
Froude number of the prototype.

Froude number is defined as the ratio of inertia forces to gravity forces. Froude
number is usually expressed as follows:

Fr=U?/(gL) (4-17)

where g is the acceleration of gravity. Applying Froude’s model law, then:

[Un’ /(9 Lm)] = [Up* / (9 Lp)] (4-18)
(Un? 1 Up?) = (L / Lp) (4-19)
(u)*=M (4-20)
Au=(A)” (4-21)

Thus, in order to fulfill Froude’s model law, once a length scale is selected, the velocity

scale is automatically selected (i.e., the velocity scale is dependent on the length scale).

4.3 University of Western Ontario Experiments

4.3.1 Model Design and Construction

The researchers decided the model used in the UWO testing should specifically
replicate the cantilever traffic signal structure with a 44-ft mast arm used in full-scale
measurements by TTU because this structure had been seen vibrating significantly on the

field experiments (as discussed in Section 3.3.1).
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The model was tested in the Open Circuit Small Wind Tunnel (OCSWT) at
UWO, which has an 18”x18” section, because other tunnels of the BLWTL with larger
sections had busy schedules making them difficult to reserve. This decision affected the

model design in two ways:

1. Because of the limitations on specimen size, only the mast arm of the
cantilever traffic signal structure could be modeled. Otherwise the length
scale of the model would have to be too small for the OCSWT. The
elimination of the pole was justified by the fact that the stiffness of the mast
arm is significantly lower than the stiffness of the pole (as shown in
Appendix C). In addition, most failures have been documented at the pole-
mast junction (Pulipaka 1995; Gray et al. 1999; Hartnagel and Barker 1999;
Hamilton, Riggs and Puckett 2000; Chen et al. 2001; Cook et al. 2001).

2. A length scale (4.) of 1/50 was selected. Therefore the mast arm model would
have a length of a little over 11”, which would be a good size for the
OCSWT.

With the pole eliminated, the mast arm model was to be placed vertically and
tested under uniform flow, which seems a good approximation because under full-scale
conditions, the mast arm cantilevers horizontally, so it is believed that an atmospheric
boundary layer would not have significant effects (i.e., it is assumed that, in full scale,
only the portion of the wind speed at the height of the mast arm is going to have an effect
on it). Also, by placing the mast arm vertically, the effects of gravitational loads were
neglected. It seemed reasonable to assume that, in full-scale, gravity loads would give an
initial displacement to the mast arm soon after installed, but afterward gravity loads

would be relatively small and have little to no effect in wind-induced oscillations.
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As mentioned before, the length scale A, was selected as 1/50. Initially, Froude
scaling (explained in Section 4.2.4) was attempted. Therefore, the initial calculation of
the velocity scale was:

Au = (A)” = (1/50)% =~ 1/7 (4-22)
This velocity scale was problematic because the full-scale data indicated that vibrations
of these structures occur at low wind speeds, translating to wind speeds of less than 2
mph in the wind tunnel at this scale. The OCSWT becomes unstable at speeds of less
than 9 mph. Since gravity loads had already been neglected by placing the mast arm
model vertically, Froude scaling was ignored and a velocity scale of Ay = 1/1 was
selected. Therefore the elastic stiffness scale (Ag) was obtained as follows:

Agr = A At = (1/1)% (1/50)* = 1.6 x 10’ (4-23)

By not maintaining Froude’s Model Law, no proper scale was kept between the
weight of the prototype and the model, therefore the effect of gravity loads was
neglected. As explained before, it seemed reasonable to neglect them because in full-
scale, gravity loads would give an initial displacement to the mast arm soon after
installed, but afterward gravity loads would be relatively small and have little to no effect
in wind-induced oscillations.

To avoid the high cost of fabrication, researchers used available sizes of
aluminum or steel tubing to make the mast arm model. Since these are not available in
tapered sections like the full-scale mast arm, three different sizes of tubing were attached

to form a single, tapered arm. Researchers decided to use the middle segment to carry the
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two 3-signal heads. The mass, stiffness, and diameter that each segment required was
determined using the corresponding scales (as shown in Table 4.1).

Researchers designed a mast arm made of aluminum with no cladding. The
difficulty of this was finding available pieces of aluminum tubing that would have the

required diameter, mass, and stiffness.

Table 4.2 on the following page shows the best fit found. In the table, Segment 1
is connected to the fixed end, Segment 2 is the middle one supporting the two 3-signal
heads, and Segment 3 has the free end supporting the 5-signal head. The table shows how
the physical properties of the tubing (under the “Actual” columns) match the required
properties (as determined by the scales). Some difficulty was found matching the elastic
stiffness (EI). The scaled design is shown in Figure 4.1 . Also shown in Figure 4.1 is the
design of the signal heads, which were made of foam and attached to aluminum

backplates.

Table 4.2 Comparison Between Actual and Required Properties of Mast Arm Model

Diameter (in) Mass (g) El (kips-in?)
Segment _ % _ % _ %
Required Actual Diff. Required Actual Diff. Required Actual Diff.
1 0.205 7/32 -6.7 1.55 157 -13 0.457 0503 -9.9
2 0.157 5/32 05 1.32 123 6.8 0.199 0.169 149
3 0.117 1/8 -6.8 0.54 0.53 1.9 0.080 0.081 -15
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As explained in Section 4.2.3, it is known that:

/1f = ﬂ.u //1|_ (4-24)
fn/ Tp = AU/ AL (4-25)
fn =T Au/ AL (4-26)

Since it is known that the in-plane fundamental frequency of the full-scale
prototype is f, = 0.98 Hz = 1 Hz and that the model was designed with a length scale of A,
= 1/50 and a velocity scale of 1y = 1/1, then, substituting in Equation (4-26), the expected
fundamental frequency of the model was obtained:

fu = (1 Hz) (1/1) / (1/50) = 50 Hz (4-27)

Once constructed, the model was attached to a JR3 load cell, which was
connected to a computer. Tapping the tip of the model, the computer measured the
fundamental frequency of the model from a Fast Fourier Transform (FFT) analysis of the
load cell data. The model’s fundamental frequency was measured as f, = 62 Hz, which is
24% over the expected value. The researchers believe this large discrepancy is mostly
due to the difference between the target and the actual stiffness of the three segments.
Therefore, the velocity scale had to be revised. Solving Equation (4-24) for the velocity
ratio and substituting the actual values:

Au = AL = (62/1) (1/50) = 1.24 (4-28)

Therefore, the velocity scale was taken as Ay = 1.24/1.
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4.3.2 Experimental Setup and Procedure

The model was tested on the Open Circuit Small Wind Tunnel (OCSWT), which
is shown in Figure 4.2. The OCSWT can generate a maximum wind speed of 45 mph. A
Pitot tube was used to measure wind speed and a Keyence LB-60 laser sensor was
mounted next to the model (as shown in Figure 4.3) to measure the cross-wind
displacements at the tip of the model. All the data was collected at a sampling rate of 200
Hz (this translates to 3.2 Hz in the full scale).

To generate some turbulence, a fine grid and a coarse grid were available. These
grids are shown in Figure 4.4 and their dimensions are presented in Table 4.3. The grids
were placed about 2.5 ft in front of the model. When one of the grids is installed, the
maximum wind speed of the OCSWT is reduced. Table 4.4 summarizes how the

performance of the wind tunnel is affected by the grids.

Figure 4.2 Open Circuit Small Wind Tunnel (OCSWT)
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Figure 4.3 Model and Laser Mounted in the OCSWT )

Figure 4.4 Fine and Coarse Grids
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Table 4.3 Dimensions of Grids

Bar thickness Clear spacing between bars
Grids (inches) (inches) Material
Fine 0.5 1.375 Wood
Coarse 1.25 4.75 Steel

Table 4.4. Wind Tunnel Performance
Max wind speed  TI

Case (mph) (%)
No grid 45 2
Fine grid 20 7
Coarse grid 15 30

Six types of tests were conducted:

6.

Signals facing the wind with no grid,

Signals facing the wind with the fine grid,
Signals facing the wind with the coarse grid,
Signals’ back to the wind with no grid,

Signals’ back to the wind with the fine grid, and

Signals’ back to the wind with the coarse grid.

For each of the tests, data was collected at several wind speeds. For each data collection,

a target wind speed was sought in the wind tunnel and, once obtained, data was recorded

for two minutes. At no point was the tip of the model restricted. Therefore, the tip of the

model was free to vibrate when the target wind speed was being sought and data was not

being recorded.
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4.3.3 Results

When the model was tested with the wind blowing into the front of the signals,
only small along-wind vibrations were observed and these only occurred when either of
the grids was installed. Significant cross-wind vibrations were observed when the model
was tested with the wind blowing into the back of the signals. These vibrations had a
maximum peak-to-peak magnitude of about 0.8 inches in the model scale, and only
occurred in a narrow wind speed range. This appears to indicate that the observed
vibrations were due to vortex shedding. To the contrary, a typical galloping behavior
would be to increase the magnitude of vibrations with an increase of wind speed,;

galloping vibrations wouldn’t occur just in a narrow wind speed range.

Figure 4.5 shows the time histories of the wind speed and of the cross-wind
displacement of the tip when the model was tested with the wind blowing into the back of
the signals and with no grid installed in the tunnel. It should be pointed out that these
plots are not true time histories because the data was not recorded continuously. Instead,
as explained previously, a target wind speed was sought in the wind tunnel and, once
obtained, data was recorded. The values of this figure were adjusted to full-scale using
the length scale of 1/50, the velocity scale of 1.24/1, and the time scale of 1/62. It can be
seen in the figure that large amplitude vibrations, sometimes having peak-to-peak
amplitudes of 40 inches, were measured when the wind speed was close to 10 mph. Peak-
to-peak amplitudes of 40 inches appear to be too high when compared to the values

reported by Pulipaka (1995) of peak-to-peak amplitudes of 20 to 24 inches. The likely
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reason the amplitudes in the case with no grid were so high is that the flow was too
smooth when compared to real-life conditions.

Figure 4.6 shows the time histories for the case with fine grid and Figure 4.7
shows them for the case with the coarse grid, both with the wind coming from behind the
signals. Again, these figures are not true time histories because the data was not recorded
continuously. For each of these two figures, the plot of the wind speed was obtained by
calculating 1-second mean in the model scale. This was done because, with the
turbulence caused by the grids, the Pitot tube measures a negative wind speed about
every 10 measurements that, when plotted, makes difficult to distinguish the average
velocity. Both figures were adjusted to full-scale values. In both cases, the maximum
peak-to-peak amplitudes are close to 20 inches. The peak-to-peak amplitudes obtained
with the grids are within the range reported by Pulipaka (1995) of peak-to-peak

amplitudes of 20 to 24 inches.
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Figure 4.5 Time Histories for Wind Tunnel Tests with No Grid
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Figure 4.8 was generated using the data presented in

Figure 4.5. This data was divided into 30-second segments. For each segment, an
average wind speed and the standard deviation of the cross-wind displacement were
calculated and then plotted as shown. Figure 4.8 clearly shows that the maximum
vibrations occur when the wind speed is in the range 8 to 11 mph. It should be pointed
out that it was checked that the general shape of the graph on Figure 4.8 remained
unchanged for different observation periods (for example, 120 seconds instead of 30
seconds).

Figure 4.9 and Figure 4.10 show how the tip displacement was affected when the
different grids were installed, increasing the turbulence intensity. These figures were
developed using the same procedure that was followed to generate Figure 4.8. They both
show that an increase in turbulence intensity reduces the magnitude of the maximum
vibrations as well as the velocity at which they occur. The results of the experiments are
summarized on Table 4.5.

Obtaining a target wind speed in the wind tunnel was difficult. Given the
experimental procedure (in which a target wind speed was sought in the wind tunnel and
data was recorded after the sought speed was obtained), the plots of Figure 4.8, Figure

4.9, and Figure 4.10 were not checked for hysteresis.
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Figure 4.10 Effect of Wind Speed on Cross-Wind Displacement of Tip with Coarse Grid

Table 4.5 Results of UWO Wind Tunnel Experiments

Max standard Speed at
deviation of which it
displacement occurred
Case (%) (in) (mph)
No grid 13.4 10.5
Fine grid 5.7 9.1
Coarse grid 4.8 6.4
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4.4 Texas Tech University Experiments

4.4.1 Model Design and Construction

The same design of the aeroelastic model of a mast arm having signals with
backplates used at the UWO experiments was again used to make a model for the TTU
experiments. In addition, a similar model was built, except that the signals did not have
backplates (i.e., the aluminum plate to which a signal is attached did not extend further

that the foam simulating the signals).

4.4.2 Experimental Setup and Procedure

The mast arm model was attached to a rigid pole (solid steel bar with %-in
diameter), which itself is attached to the turntable in the wind tunnel, as shown in Figure
4.11. The pole was not modeled aeroelastically because, as explained in Section 4.3.1,
this research is concerned with arm-pole relative displacements.

Tests were conducted in TTU’s Boundary Layer Wind Tunnel which has a 5.9-ft
by 3.9-ft working section. Because the same model of the mast arm used at UWO was
again used at TTU, the velocity scale was again 1.24:1. By doing this, Froude Model Law
was disregarded and the effect of gravitational forces were neglected again. As
mentioned before, this seemed reasonable because, in full-scale, gravity loads would give
an initial displacement to the mast arm soon after installed, but afterward gravity loads
would be relatively small and have little to no effect in wind-induced oscillations. Each

model was tested under different angles of attack for two different turbulence intensities:
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(1) nominally Exposure D, as specified by the ASCE (2005), and (2) low turbulence
smooth flow. At the mast arm height, the first simulation had a turbulence intensity (T1)
of about 16%, while the second had a TI of about 6%. The angle of attack convention is
the same as that used for the full-scale experiments (see Figure 3.10). Table 4.6 indicates
the conditions of TI and angle of attack for which each model (with or without
backplates) was tested.

For each of the different cases tested, data was collected at several wind speeds.
For each data collection, a target wind speed was sought in the wind tunnel and, once
obtained, data was recorded for one minute. At no point was the tip of the model
restricted. Therefore, the tip of the model was free to vibrate when the target wind speed
was being sought and data was not being recorded.

A Micro-Epsilon ILD-1401 laser displacement sensor with a resolution of 20 um
was used to measure cross-wind displacements of the tip of the model. To measure wind
speed in the wind tunnel at the height of the model’s mast arm, a Turbulent Flow Series
100 Cobra Probe was placed at a distance of 45 cm in front of the model’s pole. Both

probes were sampled at 1,000 Hz.
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Figure 4.11 Model with Backplates Mounted in TTU Wind Tunnel

Table 4.6 Cases for Which Experiments Were Conducted

Exposure D (TI = 16%) Smooth flow (TI = 6%)
Angle of attack
(degrees) With backplates ~ Without backplates ~ With backplates ~ Without backplates

0 X X X
15
25
35
45
55
65
75
85
90
95

105
115

X X X X X X X X X X
X X X X X X X X X X X X
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125
135
145
180
225
270
315 X

X X X X X X
X X X X X X X

X X X X

X = Experiment conducted for this case

A pluck test was conducted to determine the fundamental frequency in the vertical
direction and the damping ratio of the models. Using the same procedure used for the

full-scale structures (see Section 3.2.5), the results presented in Table 4.7 were obtained.

Table 4.7 Vertical Fundamental Frequency (f,) and Damping Ratio (<) of Models

Model fo (H2) £ (%)
With backplates 62 0.33
Without backplates 62 0.51

4.4.3 Results

For each angle of attack tested in the wind tunnel, data was recorded at different
wind speeds at a rate of 1-minute per wind speed. For each of these speeds, the average
wind speed and the standard deviation of the vertical displacement were calculated. Both

sets of values were adjusted to the full-scale and used to generate the plots presented in
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Appendix D. Some of the plots are discussed here. In these figures, BP stands for
backplates.

Figure 4.12 shows the results obtained for the case of the models tested with an
angle of attack of 90°. The figure shows that for all four test cases there is a spike in the
vibration amplitude when the reduced wind speed is between 5 and 20 mph. In the case
of models without backplates, the spike is much lower than for the cases with backplates,
but is still noticeable. These low-speed spikes are typical of a vortex shedding
phenomenon causing the vibrations. This behavior was observed when the model with
backplates was tested at angles of attack between 55° and 125° with vibrations achieving
peak amplitude when the wind speed is between 10 and 15 mph. Clearly, this is a very
wide range of velocities for large response and represents phenomena beyond classical

Karman vortex shedding.
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Angle of attack of 90 degrees
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Figure 4.12 Wind Tunnel Results for Angle of Attack of 90 Degrees

Table 4.8. TTU Results for 90° Angle of Attack

Max. standard deviation of displacement (inches)

TI

Flow (%) With backplates Without backplates
ExposureD 16 12.10 0.68
Smooth 6 13.04 2.93

Table 4.8 provides the maximum displacement values for the experiments
conducted with 90° angle of attack. These results are compared in Figure 4.13 with those
obtained at UWO (as originally presented in Table 4.5). In this figure there are
unexpected discrepancies. It was expected that the signals with backplates under smooth
flow experiment at TTU (T1 = 6%) would yield a similar result to the case of the fine grid
at UWO (TI = 7%), yet the maximum standard deviation of displacements were 13.0”

and 5.7”, respectively. Similarly, the signal with backplates under Exposure D case at
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TTU (Tl = 16%) was expected to yield smaller standard deviation of displacement values
than the fine grid case at UWO (TI = 7%), but the opposite was true. Since the models all
had the same fundamental frequency, the reason for the discrepancy in results is unclear.
The discrepancy could be due to the fact that in the UWO experiments the model was
oriented vertically through a shallow boundary layer, while at TTU the experiments were
conducted with the model oriented horizontally, completely immersed within the
boundary layer. It is anticipated that the TTU results should be more realistic. Yet in the
vibration values obtained in full-scale experiments are much closer to the UWO results.
Even with the discrepancies in peak-to-peak amplitudes obtained at UWO and TTU,
there were a lot of agreements between the two sets of experiments, mainly that large
amplitude vibrations of mast arms occur at a narrow wind speed range when the wind

approaches the signals from behind.
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Figure 4.13 Comparison of TTU and UWO Wind Tunnel Results

For the case of the model with backplates with an angle of attack of 55°, the
maximum amplitude of vibration commences somewhere between 5 and 10 mph, but
extends over a broader range of reduced wind speeds as shown in Figure 4.14.

For the case of the model with backplates under smooth flow, when the angle of
attack was either 45° (Figure 4.15) or 125° (Figure 4.16) there were two spikes on the
data instead of the typical single spike. In both cases, the first peak occurs at about 10

mph, while the second one occurs at approximately 35 mph.
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Figure 4.14 Wind Tunnel Results for Angle of Attack of 55 Degrees
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Figure 4.15 Wind Tunnel Results for Angle of Attack of 45 Degrees
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Figure 4.16 Wind Tunnel Results for Angle of Attack of 125 Degrees

For the case of the model with backplates under smooth flow, when the angle of
attack was 135° there was a spike in the data followed by an increase in the amplitude of
the vibration with an increase in wind speed, as shown in Figure 4.17. The increase in
amplitude with the increase of speed suggests a galloping response.

Cases when the angle of attack was outside the range of 45° to 135° did not
exhibit large amplitude vibrations (an example of this is shown in Figure 4.18). In many
of these cases, data at wind speeds higher than those presented in the plots was not
collected because horizontal (along-wind) vibrations became too large, preventing the

laser displacement sensor from recording accurate measurements. Still, the models were
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Figure 4.17 Wind Tunnel Results for Angle of Attack of 135 Degrees
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Figure 4.18 Wind Tunnel Results for Angle of Attack of 270 Degrees

Figure 4.19 was obtained by plotting the maximum value of the standard
deviation of the displacement observed when the full-scale wind speed was in the range
of 0-15 mph for each angle of attack. The case of smooth flow without backplates is not
included in the figure because, as indicated in Table 4.6, data was only collected for this

case at an angle of attack of 90°. Three observations can be made from Figure 4.19 are:

1. Structures with backplates have larger vibrations than those without them.

2. Vibrations with large amplitude occur when the angle of attack is between
45° and 135°.

3. Inthe critical range of angle of attack of 45° to 135°, the magnitude of
vibrations decreases as turbulence intensity increases.
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Effect of angle of attack on vibrations with wind speed in the range of 0 to 15 mph
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Figure 4.19 Maximum Amplitude of Vibration Observed for Full-Scale Wind Speed in the 0-15
MPH Range

Using the vertical fundamental frequency f, and the cross-wind width B (23" and
14.5” in full-scale for the cases of with and without backplates, respectively), a reduced
wind velocity of U / f, B can be calculated. In Figure 4.20, the reduced velocity is plotted
against the standard deviation of the vertical displacement for the case of 90° angle of
attack. Again, it can be seen in the figure that there is a very wide range of velocities for
large response and this represents phenomena beyond classical Karméan vortex shedding.

The values plotted in Figure 4.20 were used to calculate the Strouhal number (St)
for the different test cases. The number is computed as the inverse of the reduced velocity

at which the maximum standard deviation of displacement occurs. The results are
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presented in Table 4.9. The values obtained for St are close to the one of 0.12 computed

for the full-scale data of March 29, 2005 (see Section 3.3.1).

Angle of attack of 90 degrees
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Figure 4.20 Effect of Reduced Velocity on Amplitudes of Vibrations

Table 4.9 Calculation of Strouhal Number (St)

Maximum standard Reduced velocity
deviation of displacement  at which maximum

Case (inches) response occurs St
Exposure D with backplates 12.10 8.00 0.125
Smooth flow with backplates 13.04 9.62 0.104
Exposure D without backplates 0.68 9.15 0.109
2.93 10.03 0.100

Smooth flow without backplates
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4.5 Conclusions

Even though the UWO and TTU models have almost the same fundamental
frequency, there were some unexpected differences in the results, mainly that the
vibrations obtained for TTU at a 90° angle of attack were significantly larger than the
ones obtained at UWO for similar turbulence intensity. Still, there was much agreement
between the two sets of experiments. The results of testing an aeroelastic model in two
different wind tunnels indicate that vortex shedding can induce large amplitude vibrations
of mast arms. Most of the time, vortex shedding was identified as the cause of these
vibrations because they occurred at certain speed ranges, a typical characteristic of the
vortex-shedding-induced vibrations. That the speed ranges at which the high amplitude
vibrations occurred were not very narrow (especially in the TTU experiments) suggests
that the vibrations are vortex-induced by a more complex phenomenon that goes beyond
classic Karman vortex shedding.

Structures that have signals with backplates can undergo much larger vibrations
than structures that have signals without backplates. Also, the amplitude of vibrations
increases as the turbulence intensity decreases. For these vibrations to occur, the wind
must be blowing towards the back of the signals, with an angle of attack in the range 45°
to 135° and at wind speeds in the range of 5 to 15 mph.

The findings of these wind tunnel experiments agree with some of the findings
initially reported by TTU researchers, mainly that large-amplitude vibrations of mast
arms are more prone to occur when the signals have backplates and when the wind blows

from the back of the signals. On the other hand, galloping, which is generally considered
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to be the main cause of fatigue failures, was rarely found to occur in this study. A typical
galloping behavior would be to increase the magnitude of vibrations with an increase of
wind speed, yet this was only observed for an angle of attack of 135° under very smooth
flow. This contradicts the notion that galloping is the main cause of fatigue failures of
cantilever traffic signal structures. The experiments did reveal that there are complex
interactions between angle of attack and response which is likely to be the case with
vortices being shed from upwind backplates and interacting with downwind structures

(visors) for particular oblique wind directions.
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CHAPTER 5

ESTIMATION OF FATIGUE LIFE

5.1 Methodology for Predicting Fatigue Life

The following methodology is proposed to estimate the fatigue life of mast arm of

cantilever traffic signal structures:

1. Using wind records for the location, establish a matrix that provides the
probabilities that the wind will blow at certain speeds and directions. This
matrix will be called the W-matrix and will have the following form:

Wy, W, ... W,
w w e W

wp=| e Waz oo W (5-1)
Wp,l Wp’2 ves Wp,r

where Wi is the probability of the wind blowing in the i direction range
and in the j™ speed range, and p and r are the number of discrete categories
for direction and speed, respectively.

2. Calculate a matrix (called the n-matrix) that provides the number of
vibrations that the arm will experience in an specific time period for the
different wind speeds and directions as follows:

nm I’ll'2 ... nLr
n n ... N

[n]=ftfwl=| =+ %% 7 % (5-2)
n pl n 02 n or
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where n;j is the number of vibrations at i wind direction range and j" wind
speed range, f; is the vertical fundamental frequency of the mast arm, and t
is the length of the time period.

Use results of wind tunnel experiments to produce a matrix that provides the
standard deviation of the vertical vibrations for different wind speeds and
direction. This matrix will be called the Y-matrix and it will have the
following form:

Yll Yl,Z Yl,r
Y,, Y Y

=) & (5-3)
Yp,l Yp,2 Yp,r

where Y;; is the standard deviation of the vertical vibration for the wind
blowing in the i" wind direction range and in the j" wind speed range as
estimated for wind tunnel experiments.

Transform the Y-matrix to provide average peak-to-peak amplitudes of
vertical vibrations for different wind speeds and directions. This matrix will
be called the Y-matrix (not to be confused with the Y-matrix) and is
calculated as follows:

YAll Y\I,Z Y\l,r
[YI=CR[Y]=| 2* ** 2 (5-4)
_Yp;L vaz Yp,r_

where Yij is the peak-to-peak amplitude of the vertical vibration for the
wind blowing in the i wind direction range and in the j" wind speed range,
R is a factor to change the standard deviation values to peak-to-peak values,
and C is a calibration factor that can be used to adjust for errors in the wind
tunnel data or to adjust the same data for the turbulence of the location.

Using structural dynamics principles, calculate the S-matrix which provides
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the stress ranges experienced by the mast arm for different wind speeds and

directions as follows:

Sy S, ... Sy,
< 1s,, S,, .. S
[S]=d[Y]=| " 2 7 7 (5-5)
Sp,l Sp,z Sp,r

where S;; is the stress range for the wind blowing in the i™ wind direction
range and in the j" wind speed range and d is a dynamic factor that changes

peak-to-peak amplitudes to stress ranges.

6. Using an S-N curve, change the S-matrix to give the number of cycles to
failure at constant stress range for the mast-to-pole connection for different
wind speeds and directions. This matrix will be called the N-matrix (not to be
confused with the n-matrix) and will have the following form:

Np; N, oo Np,
N N ... N

IN=) (5-6)
N pl N p,2 N p,r

where N;; is number of cycles at constant amplitude stress range S;; that it
would take for the arm to fail.

7. Using the n-matrix (calculated in step 2) and the N-matrix (calculated in step
5), apply Miner’s Rule (discussed in Section 2.3) to estimate the fatigue
damage sustained by the mast arm for time period t as follows:

D=yt (5-7)

From this, the fatigue life of the mast arm can be estimated.

From hereon, these steps are referred to as the methodology. In the next section,

an example demonstrates the application of this methodology. The reader may notice that
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the methodology has certain similarities to the procedures proposed by South (1994) and
Chen et al. (2001), as presented in Sections 2.3 and 2.3.4, respectively. Unlike South’s
and Chen’s procedures, this new methodology takes into consideration the effects of

wind direction and estimates damage due to vertical vibrations, not horizontal ones.

5.2 Example of Application of Methodology

In this section, the methodology is applied to a cantilever traffic signal structure
located in the city of Lubbock with a 44-ft mast arm and with the geometry shown in
Figure 3.3. The dimensions of the signal lights of this structure are shown in Figure 3.4. It
will be considered that the signal light is pointing north, although results for other mast

arm directions will be presented at the end of the section.

5.2.1 Step 1: The W-Matrix

The information presented in this section is based on research performed by Vega
and Letchford (2006). They extended the two-parameter Weibull probability distribution
function (pdf), which is often used to fit parent wind speed data, to account also for wind

directionality. They described the pdf as follows:

k(g) U, k(6)-1 U k()
fU (U i 49,) = P(U > 0’9|)T9I)[T91)J exp —(Tej)j (5'8)

where:
U = wind speed

@ = wind direction
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P(U > 0, &) = probability that the wind is blowing from direction 6;
k(6;) = Weibull shape parameter specialized as a function of wind direction 6;
c(6;) = Weibull scale parameter specialized as a function of wind direction 6;

The Weibull cumulative distribution function (cdf) is then given by:

k(@)
F,(U,;,6)=PU >0,6,) 1—exp{—(CL(J9j)J } (5-9)

The researchers used six years of continuous 5-minute mean wind data collected
by a meteorological station located at the Reese Technology Center in Lubbock, Texas.
The 33-ft tower is located in flat open terrain and is part of the West Texas Mesonet, a
network of 48 stations spread throughout West Texas. To measure wind speed and
direction, the station uses an R. M. Young 05103 propeller-type anemometer at a
sampling interval of 3 seconds. This anemometer has a starting threshold of 2.24 mph.

For the directional analysis, researchers classified the wind speed into intervals of
1 m/sec, while the wind direction was classified by dividing the wind rose into 16 sectors,
each with an interval of 22.5°, with 0° being the midpoint of the first sector, as shown in
Figure 5.1. The sector “0,” also shown in the figure, was used to classify calms, which

corresponds to wind speeds of less than 2.24 mph due to the anemometer’s threshold.
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Figure 5.1 Wind Direction Classification (Vega and Letchford 2006)

The number of occurrences in each wind speed and direction classification was
determined and stored in a matrix. The total number of calms was distributed
proportionally to the number of occurrences in each direction using the first wind speed
class (1-2 m/sec). Using this matrix, the three-dimensional histogram shown in Figure
5.2(a) was developed. The midpoint of wind speed and direction classification will be
used for subsequent histograms and tables. In Figure 5.2(b) the Weibull distribution fitted
to the data is presented. The probability that the wind is blowing from a certain direction
and the Weibull parameters for that direction are shown in Table 5.1. Using the values of
this table in the calculation of [W] determined that the value of p in Equation (5-1) would

be taken as 16.
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Figure 5.2 (a) Three-Dimensional Histogram and (B) Directional Analysis Using Weibull
Distribution of Wind Data at Reese Station, Lubbock, Texas (Vega and Letchford 2006)

Table 5.1 Probability of Wind Blowing and Parameters for Weibull Distribution for Given Wind
Direction (Vega and Letchford 2006)

Wind direction

classification P(U >0, 0) K(6) (I‘;Egir)])
(degrees)
0 0.043 1875 14.784
225 0.042 1.843 14.411
45 0.043 1.992 13.134
67.5 0.043 2,076 12,046
90 0.039 2,099 11.105
1125 0.047 2179 11.468
135 0.076 2.369 12.309
1575 0.113 2453 13.003
180 0.141 2579 13.939
2025 0.111 2519 13.338
225 0.078 2311 12.823
2475 0.057 2,007 13.794
270 0.048 1.839 13.876
2925 0.038 1.835 12,548
315 0.029 1.907 11.209
3375 0.035 1.827 12.824

Note: The probability of the wind not blowing can be calculated as: P(U =0) =1->PU > 0,6;)
|
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The elements of the W-matrix can then be calculated with the following formula:
Wi,j =FU(Uj10i)_FU(Uj—119i) (5-10)

Table 5.2 shows part of the results obtained using Equation (5-10). Wind speed ranges of
2 mph were chosen because Vega and Letchford (2006) used ranges of 1 m/sec = 2.24
mph ~ 2 mph. Columns of wind speed classifications higher than 19 mph are not included
in the table due to space restrictions, and the probability values are shown rounded. All
columns with unrounded probability values will be taken into consideration for all
subsequent calculations. The highest wind speed range taken into calculations has a
midpoint of 63 mph (i.e., r = 32). A complete version of Table 5.2 constitutes the W-

matrix of wind probabilities.
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Table 5.2 Portion of the W-Matrix

Wind direction Wind speed classification (mph)
C'?gzg:rcezts')o” 1 3 5 7 9 1 13 15 17 19

0 0.10% 0.25% 0.37% 0.44% 047% 047% 044% 039% 0.33% 0.27%

22.5 011% 0.27% 0.38% 045% 0.48% 0.47% 0.43% 0.38% 0.32% 0.26%

45 0.10% 0.28% 0.43% 0.52% 0.55% 0.54% 0.48% 0.40% 0.31% 0.23%

67.5 0.10% 0.31% 0.48% 0.59% 0.62% 0.58% 0.49% 0.39% 0.28% 0.18%

90 0.11% 0.33% 0.51% 0.61% 0.62% 0.55% 0.44% 0.32% 0.21% 0.12%
112.5 0.10% 0.35% 0.57% 0.71% 0.75% 0.69% 0.56% 0.41% 0.27% 0.16%
135 0.10% 0.41% 0.75% 1.03% 1.17% 1.16% 1.00% 0.77% 0.53% 0.33%
157.5 0.11% 0.49% 0.95% 1.37% 1.64% 1.71% 157% 1.28% 0.93% 0.61%
180 0.09% 0.46% 0.96% 1.48% 1.89% 2.08% 202% 1.75% 1.35% 0.93%
202.5 0.09% 043% 0.87% 129% 158% 168% 157% 130% 0.96% 0.63%
225 0.11% 041% 0.73% 0.99% 1.14% 1.14% 1.02% 0.82% 0.60% 0.40%
2475 0.12% 0.34% 0.52% 0.65% 0.71% 0.70% 0.64% 0.55% 0.45% 0.34%
270 0.13% 0.33% 0.46% 0.54% 0.56% 0.54% 0.49% 043% 0.35% 0.28%
292.5 0.13% 0.31% 0.43% 0.48% 0.49% 0.45% 0.39% 0.32% 0.25% 0.19%
315 0.11% 0.28% 0.38% 0.43% 0.42% 0.37% 0.30% 0.23% 0.16% 0.10%
3375 0.11% 0.27% 0.38% 0.43% 043% 041% 0.36% 0.30% 0.23% 0.18%

5.2.2 Step 2: The N-Matrix

To estimate the number of vibrations that a mast arm would sustain under each

wind speed and direction, it is assumed that the arm is constantly vibrating at its
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fundamental frequency. It might appear excessive to estimate so many vertical vibrations
occurring for a time period, but it will become evident later that many of these vibrations
will have no effect in determining the damage to the structure. For the structure with the
44-ft mast arm, the fundamental frequency in the vertical direction is f, = 0.98 Hz (as
shown in Table 3.3). The time length will be taken as 1 day (i.e., t = 86,400 sec),
therefore the calculation will be the number of vibrations per wind speed and direction in
an average day. Applying Equation (5-2), the n-matrix of number of vibrations is

obtained. A portion of the matrix of number of vibrations is presented in Table 5.3.
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Table 5.3 Portion of the N-Matrix

Wind direction Wind speed classification (mph)
C'?Zseg'rgzts')o "o 3 5 7 9 1 13 15 17 19
0 84 215 311 372 400 399 374 333 283 231
22.5 93 229 323 380 402 395 366 322 270 218
45 84 239 361 439 468 454 406 339 266 197
67.5 86 263 409 500 525 492 418 326 234 156
90 90 279 432 516 523 466 372 268 176 105
112.5 88 297 484 603 632 581 475 348 231 138
135 86 346 637 873 994 980 851 655 450 275
157.5 95 414 807 1162 1393 1447 1327 1083 789 514
180 80 389 817 1255 1597 1760 1711 1480 1141 784
202.5 78 363 733 1089 1339 1423 1330 1103 813 533
225 90 345 619 840 961 965 864 697 509 337
2475 99 288 443 548 597 593 545 469 380 291
270 114 278 390 454 475 460 419 362 299 236
292.5 109 264 362 410 414 385 334 273 212 157
315 91 233 325 365 357 316 256 193 135 89
337.5 97 232 319 362 368 345 302 251 198 149

5.2.3 Step 3: The Y-Matrix

The Y-matrix was assembled using the results of the TTU wind tunnel

experiments with the smooth flow case (as discussed in Section 4.4). The values of

129



Texas Tech University

smooth flow were used because they give higher values of standard deviation of vertical
vibration (i.e., is more conservative to use these values). It can be noted that for the case
of the traffic signal structure pointing north being analyzed here, the angle of attack
definition used for full-scale and wind tunnel experiments (as shown in Figure 3.10) has
the same orientation used for wind direction in the matrix of wind probability (i.e., angle
of attack = wind direction).For the most part, linear interpolation and extrapolation were
used to calculate values at the midpoint of the wind speed and direction classifications as
needed. For example, for the wind classification with a midpoint of 900, the wind tunnel

data for an angle of attack of 900 was used, as shown in Figure 5.3

Angle of attack of 90 degrees
15 T T T T T

T T T T
—— TTU wind tunnel data (smooth flow)
* Interpolation / extrapolation

10

Standard deviation of displacement (in)

1 1 1
15 20 25 30 35 40 45 50
Wind speed (mph)

Figure 5.3 Interpolation and Extrapolation for Angle of Attack of 90°
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For certain cases, two conservative measures were taken. The first measure was
that the amplitude value recorded at the lowest wind speed in the wind tunnel was used
for wind speed ranges lower than the wind speeds collected in the wind tunnel. For
example, if an amplitude of 0.5 inches was recorded at 5.3 mph in the wind tunnel and
this was the lowest wind speed recorded for the angle of attack, then an amplitude of 0.5
was used in the matrix for wind speed classes 1, 3, and 5 mph. The second measure was
that the amplitude value recorded at the highest wind speed in the wind tunnel was used
for wind speed ranges higher than the wind speeds collected in the wind tunnel only if the
wind tunnel data ended at negative slope, otherwise linear extrapolation was used (as
shown in Figure 5.4).

Notice how these pseudo extrapolations obtained with the two measures form
horizontal lines before and after the wind tunnel data.

In cases where the midpoint of the wind direction classification did not match any
of the data collected in the wind tunnel, linear interpolation was performed using data
from adjacent angles. For example, the amplitude of vibration values for the wind
direction classification of 22.5° were obtained by interpolating the data collected in the
wind tunnel for angles of attack of 15° and 25°.

A portion of the resulting Y-matrix is presented as Table 5.4.
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Standard deviation of displacement (in)

Angle of attack of 45 degrees
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Wind speed (mph)

Figure 5.4 Interpolation and Extrapolation for Angle of Attack of 45°
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Table 5.4. Portion of the Y-Matrix (values in inches)

Wind direction Wind speed classification (mph)
C'?jseg'rgzts')o "o 3 5 7 9 11 13 15 17 19

0 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.06 0.07

22.5 0.04 0.04 0.04 0.05 0.05 0.06 0.07 0.07 0.10 0.12

45 0.20 0.20 0.20 0.20 1.16 1.43 0.76 0.27 0.23 0.23

67.5 0.04 0.04 0.04 1.80 784 1137 1160 9.93 7.76 4.83

90 0.02 0.02 0.06 0.53 6.33 1253 1239 8.59 6.22 2.60
112.5 0.03 0.03 0.31 2.07 6.91 1060 8.79 4.03 1.24 0.40
135 0.01 0.01 0.06 1.09 3.35 4.70 481 4.02 4.12 451
157.5 0.05 0.05 0.04 0.04 0.12 0.46 0.35 0.14 0.12 0.12
180 0.04 0.04 0.03 0.02 0.04 0.06 0.07 0.06 0.06 0.06
202.5 0.04 0.04 0.04 0.03 0.04 0.06 0.07 0.07 0.08 0.09
225 0.04 0.04 0.04 0.05 0.05 0.06 0.07 0.07 0.10 0.12
2475 0.04 0.04 0.04 0.05 0.05 0.06 0.07 0.09 0.11 0.13
270 0.03 0.03 0.03 0.05 0.06 0.07 0.08 0.11 0.12 0.14
292.5 0.04 0.04 0.04 0.06 0.06 0.07 0.08 0.10 0.12 0.13
315 0.05 0.05 0.05 0.08 0.06 0.06 0.07 0.09 0.11 0.12
337.5 0.04 0.04 0.04 0.06 0.05 0.06 0.06 0.07 0.08 0.10
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5.2.4 Step 4: The Y-matrix

To obtain the Y-matrix, the values of C and R need to be determined. As
explained before, C is a calibration factor to adjust for errors in the wind tunnel data or to
adjust for the turbulence intensity of the location. For this example it will be assumed that
the TTU wind tunnel results for smooth flow are acceptable to be applied to the City of
Lubbock, therefore C = 1. (The C factor is further discussed in Section 5.2.7.) R is a
factor to change the standard deviation values of the Y-matrix to peak-to-peak
amplitudes. Following is an explanation of how the value of R was determined.

For sinusoidal motion, the amplitude A can be calculated as:

A=+2c, (5-11)
where oms IS the root-mean-square. For a function where the mean is zero, the root-mean-
square is equal to the standard deviation. Therefore:

A=+26, (5-12)
where o, is the standard deviation. It has been observed that the vibration of mast arm
resembles a sinusoidal function, so the peak-to-peak amplitude of vibration Y can be
estimated as:

Y =2A=220, (5-13)

Figure 5.5 shows one case of vibration data collected in the TTU wind tunnel with
the laser transducer (values are in model scale). Also shown are the amplitudes for a
sinusoidal function, namely +/2 times the standard deviation of the laser data. These two
amplitudes enveloped the data well. In not all cases of wind speed and angle of attack did

the sinusoidal amplitude match as closely as the case shown in Figure 5.5, but it appears
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that 2+/2 times the standard deviation was a reasonable estimate of the peak-to-peak
amplitude since by and large the wind tunnel responses are due to vortex shedding

locking-in to the fundamental frequency of the structure. Therefore, it will be assumed

that R =2+/2

With C=land R=2+/2, Equation (5-4) is used to calculate the Y-matrix of

peak-to-peak amplitudes. A portion of the Y-matrix is shown in Table 5.5.

Wind speed ~ 13 mph, Angle of attack = 90 degrees

Vertical coordiante of tip of mast arm (inches)

0 5 10 15 20 25 30
time{sec)

Figure 5.5 Sample Data Collected in TTU Wind Tunnel for Smooth Flow
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Wind direction
classification

Wind speed classification (mph)

(degrees) 1 3 5 7 9 11 13 15 17 19

0 0.11 0.11 0.11 0.11 0.11 0.15 0.15 0.15 0.17 0.20
225 0.12 0.12 0.12 0.13 0.14 0.17 0.19 0.21 0.27 0.34

45 0.57 0.57 0.57 0.57 3.28 4.05 2.14 0.76 0.64 0.65
67.5 0.11 0.11 0.11 509 2218 3216 3282 28.08 2193 13.65

90 0.04 0.04 0.16 149 1791 3545 3504 2429 1758 7.35
1125 0.09 0.09 0.89 585 19.54 29.99 2487 1139 350 1.13
135 0.04 0.04 0.16 3.09 948 1329 1359 1137 11.64 1277
1575 0.13 0.13 0.11 0.12 0.33 1.30 0.98 0.39 0.34 0.35
180 0.12 0.12 0.08 0.06 0.10 0.17 0.19 0.17 0.17 0.18
202.5 0.12 0.12 0.10 0.10 0.12 0.17 0.19 0.19 0.22 0.26
225 0.12 0.12 0.12 0.13 0.14 0.17 0.19 0.21 0.27 0.34
247.5 0.10 0.10 0.10 0.13 0.15 0.18 0.21 0.26 0.31 0.38
270 0.09 0.09 0.09 0.13 0.17 0.19 0.24 0.32 0.35 0.41
2925 0.11 0.11 0.11 0.17 0.17 0.18 0.22 0.28 0.33 0.38
315 0.13 0.13 0.13 0.21 0.18 0.18 0.21 0.24 0.30 0.35
337.5 0.12 0.12 0.12 0.16 0.14 0.16 0.18 0.20 0.24 0.27

5.2.5 Step 5: The S-Matrix

It should be noted that the S-matrix is a matrix of stress ranges, not of total

stresses. Since what is desired are the peak-to-peak amplitudes of stresses, the

gravitational loads do not need to be considered since they are constant. To determine the
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S-matrix, the dynamic factor d that changes peak-to-peak amplitudes to stress ranges
needs to be calculated.

A method to determine the stresses caused by displacements in a beam is to
estimate an equivalent load that would produce the same displacements. Having an
equivalent load allows for the calculation of reactions and stresses. To determine the
equivalent load, the cantilever beam shown in Figure 5.6 was taken into consideration. If
it is assumed that only the first mode shape of the beam is significant, the load p(x, t) can
be calculated as follows (Chen 2006):

p(X, 1) = m(x) @1® $1(x) q(t) (5-14)
where:

x = distance from fixed end

t =time

m(X) = mass per unit length

o; = first natural frequency in radians per second

#1(X) = 1% mode shape

q(t) = tip displacement

plel

wy \J':\'._
-

IT

E 1
S
Figure 5.6 Cantilever Beam Subjected to Load p(x,t) and Having Tip Displacement q(t).
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Therefore, to determine the equivalent load, the mass per unit length, the first
natural frequency, and the first mode shape need to be determined. For the 44-ft mast arm
being analyzed here, the vertical fundamental frequency has already been determined on
the full-scale prototype as f, = 0.98 Hz (see Section 3.2.5), thus m; =2 n f, = 6.157
rad/sec.

Making the following definition:

Po(X) = M(X) ©1° ¢ 1(X) (5-15)
then Equation (5-14) becomes:
P(X, ) = Po(X) q(t) (5-16)

To determine the mode shape, a finite element model of the 44-ft mast arm was
made using a demo version of the commercial software RISA-3D version 6 by RISA
Technologies. Initially, the mast arm was modeled as a cantilever beam made of 44
elements, each member having a length of 1 ft and the same thickness as the prototype
(0.25 inches). The diameter of each member was determined by calculating the average
diameter (dayg) Of the segment it represents in the prototype, as shown in the example of
Figure 5.7. Using RISA-3D it was determined that the first natural frequency was 1.425
Hz, which has an error of 45% with respect to the value measured directly from the
prototype. Probably the large difference is due to not including the pole in the finite

element model.
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‘/— Support Member

t

‘\‘\\_ Finite-Element
\\ Model
Thickness =t

Figure 5.7 Finite-Element Modeling of Tapered Element
(Kaczinski, Dexter, and Van Dien 1998)

The model was recalculated with a pole, as shown in Figure 5.8. The pole was
modeled with one member having the average diameter of the prototype (13.25 in) and
the length from the top of the foundation to the midpoint of the base of the mast arm
(18.108 ft). A mass of 0.001 kips-sec?/ft was placed on each node 20 and node 32 to
represent each of the 3-signal heads, while a mass of 0.002 kips-sec?/ft was placed at
node 45 to represent the 5-signal head. (The weights used to calculate these masses are

shown in Figure 3.4.) This time, the first natural frequency determined using RISA-3D
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came out as 1.174 Hz, which is closer to that measured directly from the prototype,

although still with an error of about 20%.

BT M2 M3 A MS ME MT ME WS M0 MTT T2 M3 M4 WIS M6 IMTT A1 18 M20 M21 M2 M33 W24 M35 M2E M2T M23 M28 M30 M31 M3I2 MI3 M34 3435 MI6 M3T M3I3 W30 M40 K41 W42 M5 4

N \ /

a0 32 145

MaS

Figure 5.8 Finite Element Model (M = Member, N = Node)

The first mode shape was determined using RISA-3D and is shown in Table 5.6.

Also shown in Table 5.6 is the mass per unit length determined by the following formula:

m(x) = (n v / 49) {[OD(x)]* - [OD(x) - 2]’} (5-17)

where:
x = longitudinal coordinate of the node, zero at the arm-to-post connection
v = unit weight of steel = 0.283 Ib/in®
g = acceleration due to gravity = 386.4 in/sec?

OD(x) = outside diameter of mast arm = 11.4 - 0.01188x (for OD and x in inches)

t = wall thickness of the mast arm = 0.25 in
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Also shown in Table 5.6 is the product p,(X), calculated using Equation (5-15). In this
calculation, the fundamental frequency obtained directly from the prototype (0.98 Hz)

was used, not the one obtained using RISA-3D.
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Table 5.6 Results of Dynamic Analysis

Texas Tech University

X m(X X
Node (in) [(Ib—sec(zli)n)/in] #1(x) [(IE?i(n))/in]
1 0 0.0064 0.00 0.0000
2 12 0.0063 0.01 0.0017
3 24 0.0062 0.01 0.0035
4 36 0.0062 0.02 0.0054
5 48 0.0061 0.03 0.0075
6 60 0.0060 0.04 0.0097
7 72 0.0059 0.05 0.0120
8 84 0.0058 0.07 0.0144
9 96 0.0058 0.08 0.0169
10 108 0.0057 0.09 0.0196
11 120 0.0056 0.11 0.0223
12 132 0.0055 0.12 0.0251
13 144 0.0054 0.14 0.0280
14 156 0.0053 0.15 0.0309
15 168 0.0053 0.17 0.0339
16 180 0.0052 0.19 0.0369
17 192 0.0051 0.21 0.0400
18 204 0.0050 0.23 0.0431
19 216 0.0049 0.25 0.0463
20 228 0.0049 0.27 0.0495
21 240 0.0048 0.29 0.0526
22 252 0.0047 0.31 0.0558
23 264 0.0046 0.34 0.0589
24 276 0.0045 0.36 0.0621
25 288 0.0044 0.39 0.0652
26 300 0.0044 0.41 0.0682
27 312 0.0043 0.44 0.0712
28 324 0.0042 0.47 0.0742
29 336 0.0041 0.49 0.0771
30 348 0.0040 0.52 0.0799
31 360 0.0040 0.55 0.0826
32 372 0.0039 0.58 0.0852
33 384 0.0038 0.61 0.0877
34 396 0.0037 0.64 0.0901
35 408 0.0036 0.67 0.0924
36 420 0.0035 0.70 0.0946
37 432 0.0035 0.74 0.0966
38 444 0.0034 0.77 0.0984
39 456 0.0033 0.80 0.1001
40 468 0.0032 0.83 0.1016
41 480 0.0031 0.87 0.1029
42 492 0.0031 0.90 0.1041
43 504 0.0030 0.93 0.1050
44 516 0.0029 0.97 0.1058
45 528 0.0028 1.00 0.1064
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Figure 5.9. X vs. po(X)

Using Microsoft Excel, a plot of x vs. po(X) was obtained, as well as a cubic

equation of a trendline that adjusted very well to the data, as shown in Figure 5.9. This

equation will be used in further calculations.

Figure 5.10 shows the loads acting on the mast arm. In this figure, P1(t), P,(t), and

P3(t) represent the dynamic loads caused on the arm by the 3 signals while VV and M are

the shear and moment reactions, respectively, at the base of the arm. To calculate the

loads due to the signals, the following formula is used:

Pi(t) = m; a® ¢1(xi) q(t)

(5-18)

where mj; is the mass of the signal light and is ¢ 1(X;) is the value of the mode shape at the

x; location.
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Figure 5.10 Loads Acting on Mast Arm
Adding moments about the fixed support:
528
M =228-P,(t) +372-P,(t) + 528 - P, (t) + Ix p(x, t)dx (5-19)
0

Substituting Equation (5-16), Equation (5-18) and the p,(X) equation presented in Figure
5.0:
M = 13,820 q(t) (5-20)
where q(t) must be entered in inches and M will be given in pounds-inches.
To determine the maximum bending stress omax Of the mast arm at the arm-to-post
connection, the following well-known formula is used:

M

Y max I (5'21)

where | is the moment of inertia of the cross-section and c is the perpendicular distance

from the neutral axis of the cross-section to the farthest point away from the axis. Using
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the dimensions of the mast arm at the arm-to-post connection as given by and substituting
Equation (5-20):
omax = 578.55 q(t) (5-22)
where q(t) must be entered in inches and omax Will be given in pounds per square inch.
Substituting values of displacement in Equation (5-22) will not give the total
stress on the structure, but it will give the change of stress in the structure. By substituting
values of peak-to-peak vibration amplitudes Y, the equation will give the stress ranges S:
S=578557 (5-23)
where ¥ must be entered in inches and S will be given in pounds per square inch.
The stress range S is the magnitude of the stress peak-to-peak amplitude.
Therefore, d = 578.55 psi/in. Using Equation (5-5) the S-matrix is calculated. A portion

of the S-matrix is presented as Table 5.7.
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Table 5.7 Portion of the S-Matrix (values in psi)

Wind direction Wind speed classification (mph)
C'?Zseg'rgzts')o "o 3 5 7 9 1 13 15 17 19

0 62 62 62 62 62 85 89 90 100 116

22.5 67 67 67 77 79 100 108 122 157 197

45 332 332 332 332 1899 2343 1236 439 373 374

67.5 61 61 61 2944 12830 18609 18989 16248 12690 7899

90 26 26 93 865 10365 20509 20275 14053 10171 4255
112.5 51 51 514 3387 11307 17351 14390 6591 2024 653
135 21 21 94 1785 5487 7688 7863 6576 6734 7386
157.5 74 74 66 71 194 751 566 226 197 202
180 72 72 48 34 60 99 110 100 100 106
202.5 69 69 57 55 70 100 109 111 128 152
225 67 67 67 77 79 100 108 122 157 197
2475 59 59 59 77 89 105 122 153 181 217
270 50 50 50 77 99 110 137 183 205 237
292.5 63 63 63 100 100 106 129 162 190 219
315 76 76 76 123 102 103 121 141 176 201
337.5 69 69 69 93 82 94 105 115 138 159

5.2.6 Step 6: The N-Matrix

The fatigue life of materials is often represented by plots of stress ranges (S)
versus numbers of cycles to failure (N). These plots are typically known as S-N curves,

and they are obtained by testing several material specimens. In a particular test, a
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specimen “is subjected to alternating stresses that vary between fixed limits of maximum
and minimum stress” (Brockenbrough and Jonhston 1981), counting the number of cycles
to failure. Each specimen is tested under a different stress range. Figure 5.11 shows the
typical shape of an S-N curve (usually the axes are presented in logarithmic scale). The
horizontal part of the curve represents the constant amplitude fatigue level (CAFL), as
discussed in Section 2.3.3.XX

The AASHTO Specifications (2001) classify different steel details into stress
categories. In Figure 5.12, which shows a typical mast-arm-to-column connection used in
cantilever traffic signal structures, the fillet weld identified as “Detail 16” is classified as
stress category E'. The connection shown in the figure is very similar to the one used in

the structure being analyzed in this chapter.

Stress range (5)

Mumber of cycles (1)

Figure 5.11 Typical S-N Curve
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Figure 5.12 Fillet-Welded Mast-Arm-To-Column Connection (AASHTO 2001)

Figure 5.13 shows the S-N curves for the seven primary stress categories used by
AASHTO, as well as the American Welding Society (AWS), the American Institute of
Steel Construction (AISC), and the American Railway Engineers Association (AREA). In
the figure the dotted lines represent the CAFL. To obtain the equation of the S-N curve
for stress category E', the “redundant load path structures” values for the category
presented in Table 5.8 are used. This table was copied from the AASHTO Standard
specifications for highway bridges (1996). Even though cantilevers certainly do not have
redundant load paths, the “redundant” values were selected because the CAFL (or
threshold) value indicated by the AASHTO Specifications (2001) matches the allowable
stress range value for over 2 million cycles presented in the table, presumably because
Kaczinski, Dexter, and Van Dien (1998) felt that the “nonredundant” values were too

conservative for cantilever supporting structures of signs, signals, and lighting.
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Stress Range, MPa
Stress Range, ksi

10 . 4 : Ty
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Figure 5.13. Lower-Bound S-N curves for AASHTO’s seven primary fatigue categories
(Chen and Duan 2000)

The equation of the S-N curve for category stress E' is:

S = exp[-0.3389In(N) +66713] for N <21162641

. (5-24)
S=26ksi for N >21162,641

where S will be given in Kips per square inch (ksi). Solving for N and adding subscripts to

apply to the methodology:

—0.3389
N. =0 for S.. <2.6ksi

8] W

In(S;;)-66713 .
N, =ex : for S;; > 26 ksi
’ (5-25)

where S must be entered in ksi. Applying Equation (5-25) to each of the elements of the

S-matrix, the N-matrix is obtained. A portion of the N-matrix is presented as Table 5.9.
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Table 5.8. Allowable Fatigue Stress Range (AASHTO 1996)

Redundant Load Path Structures®

Allowable Range of Stress, Fy; (ksi)®

Category For For For For over
(See Table 100,000 500,000 2,000,000 2,000,000
10.3.1B) Cycles Cycles Cycles Cycles

A 63 (49 37 (29¢ 24 (18)¢ 24 (16)°

B 49 29 18 16
B’ 39 23 14.5 12
(& 35.5 21 13 10
12°
D 28 16 10 7
E 22 13 8 4.5
E' 16 9.2 5.8 2.6
F 15 12 9 8

Nonredundant Load Path Structures

Allowable Range of Stress, F,; (ksi)®

Category For For For For over
(See Table 100,000 500,000 2,000,000 2,000,000
10.3.1B) Cycles Cycles Cycles Cycles

A 50 (39)¢ 29 (23)¢ 24 (16)¢ 24 (16)¢
39 2

B 3 16 16
B’ 31 18 11 11
e 28 16 10 9
12° 11°
D 22 13 8 5
E° 17 10 6 2.3
E' 12 7 4 1.3
F 12 9 7 6

*Structure types with multi-load paths where a single fracture in a
member cannot lead to the collapse. For example, a simply supported
single span multi-beam bridge or a multi-element eye bar truss member
has redundant load paths.

*The range of stress is defined as the algebraic difference between
the maximum stress and the minimum stress. Tension stress is
considered to have the opposite algebraic sign from compression
stress.

P For transverse stiffener welds on girder webs or flanges.

“Partial length welded cover plates shall not be used on flanges more
than 0.8 inches thick for nonredundant load path structures.

9For unpainted weathering steel, A 709, all grades, when used in
conformance with the FHWA Technical Advisory on Uncoated
Weathering Steel in Structures, dated October 3, 1989,
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Table 5.9. Portion of the N-Matrix

Wind_d_irec_tion Wind speed classification (mph)

C'?jseg'rgzts')o "1 3 5 7 9o 11 13 15 17 19
0 0 0 0 0 o o0 0 0 0 o0
22,5 0 0 0 0 o0 ) 0 0 0 o0
45 0 00 el 0 ¢ 00 o0 o0 o0 00

67.5 © © © 1.E+7 2E+5 6.E+4 6.E+4 9.E+4 2.E+5 B8.E+5

90 © © © el 4E+5 bLE+4 5E+4 1E+5 4.E+5 G5.E+6
1125 el 0 0 1.E+7 3.E+5 8.E+4 1E+5 1E+6 0 o0

135 0 0 0 0 2E+6 9.E+5 8E+5 1E+6 1E+6 1.E+6
1575 0 0 0 0 o0 ) 0 o0 0 o0
180 © © 0 0 o o0 o0 o0 0 0
202.5 0 0 0 0 o ) ) o0 0 o0
225 el el el el o o o0 o0 o0 00
2475 el 0 el el o o 0 o0 o0 00
270 0 0 0 0 o0 ) 0 0 0 o0
2925 © © 0 0 o o0 ) ) 0 0
315 © © 0 0 o o0 o0 o0 0 0
337.5 el el el el o o0 0 o0 0 0

5.2.7 Step 7: Miner’s Rule
In this step, Equation (5-7) is applied, (i.e., each of the elements of the n-matrix is
divided by their corresponding element of the N-matrix, and all the results are added

together to determine the damage D). Table 5.10 shows not only the results for the
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structure being used as an example in this section (mast arm pointing north with signals
with backplates and under smooth flow), but also for other cases. The results obtained are
not realistic. For the cases of the structures with backplates, the estimated daily damage is
too high. These structures would fail before completing a month of service. Meanwhile,
for the cases of the structures without backplates, the estimated damage is too low,

predicting that the structures would fail after millions of years in service.

Table 5.10. Damage (D) Prediction after One Day withC =1

Direction towhich  Signals with backplates  Signals with backplates Signals without

mast arm points Smooth flow Exposure D S?glgfrﬁtlifxv
N 0.061 0.048 4.68E-10
W 0.049 0.039 7.37E-11
S 0.062 0.052 2.43E-12
E 0.196 0.162 1.96E-10

Probably the unrealistic results were obtained because the standard deviation of
the vertical vibration values obtained in the TTU wind tunnel were too high when
compared to the values obtained in the full-scale experiments. The discrepancy between

both set of results was probably caused by the following two reasons:

1. The wind tunnel values were obtained for a turbulence intensity that is too low
to represent the city of Lubbock. A more appropriate value would be Tl =
22%, which would correspond to Exposure C in the ASCE Standard (2005).
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The wind tunnel model is not a perfect representation of the full-scale structure.
The tapering of the mast arm was modeled with three segments of different size. Either a
tapered model or a model with more segments would be expected to yield closer results
to the full-scale values. The three-segment model itself was off from the required values

of elastic stiffness and mass per unit length (as shown in

2. Table 4.2). Also, the visors of the signals were modeled as solid circular
cylinders when in reality they are hollow.

The value of C should be used to account for the differences between the full-scale and
wind tunnel results. Therefore, it was a mistake to assume a value of C = 1 in step 4 for
the example discussed here.

Different values of C were used to calculate the fatigue life of the mast arms with
backplates. The TTU wind tunnel results for Exposure D were used in the calculations.
The results are presented in Table 5.11 and plotted in Figure 5.14. It can be seen that
more realistic values of fatigue life can be obtained when C < 0.2, but then at C = 0.13
the methodology predicts an infinite fatigue life. To determine an appropriate value of C,

research must be performed to determine the typical fatigue life of mast arms.
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Table 5.11. Fatigue Life (in years) for Different Values of C for Structures with Backplates
Direction mast arm points to

C

N W S E
1.00 0.06 0.07 0.05 0.02

0.9 0.08 0.10 0.07  0.02
08 011 0.14 0.10 0.03
0.7 0.16 0.20 0.15 0.05
0.6 0.26 0.32 024  0.08
05 044 0.55 041 013
04 086 1.07 079 0.26
0.3 2.01 2.50 186  0.60
0.2 8.12 9.98 742 233
0.19 9.44 1162 864 271
0.18 1311 1629 1157 3.76
0.17 1552 19.28 13.70 445
0.16 2469 3020 2166 6.85
0.15 39.12 4582 3495 10.28
0.14 109.58 128.16 110.99 29.03

0.13 o0 0 © o0
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Figure 5.14. Effect of Factor C on the Prediction of the Fatigue Life of
Mast Arms with Backplates

The results obtained for the structure without backplates using C =1 indicate that
it is very unlikely that these structures will fail due to fatigue, assuming that they are
properly assembled (i.e., assuming that the arm-to-base-plate weld has the required
strength and that there are no fabrication defects). Therefore it is very important that

backplates be used only when necessary.

5.3 Conclusions

A methodology for estimating the fatigue life of cantilever traffic signal structures
was presented in this chapter. The methodology only takes into consideration cross-wind
vibrations. Out-of-plane vibrations were not considered because it is believed that most

fatigue cracks initiate at the top of the mast arm (Chen et al. 2002), which suggest they
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are caused by vertical oscillations. Also not considered were the vibrations caused by
truck-induced gusts because recent research suggest they are negligible (Chen et al. 2001,
Albert 2006).

The methodology was applied as a risk assessment model to the structure with the
44-ft mast arm that was studied in both full-scale experiments (Chapter 3) and wind
tunnel studies (Chapter 4). The climatology of the city of Lubbock was used along with
the wind tunnel results. To apply this methodology to another structure, the appropriate
climatology of its location must be used. If the structure is different from the 44-ft mast
arm either in length, shape, or the way the signal heads are connected, the appropriate
wind tunnel experiments should be conducted.

Knowing that CAFL = 2.6 ksi, the minimum peak-to-peak vertical vibration
amplitude that causes fatigue damage can be calculated from Equation (5-23) as follows:

2600 =578.55 Y (5-26)

Y = 4.5 inches (5-27)
Then, using Equation (5-13), the minimum standard deviation of the vertical vibration at
which fatigue damage occurs can be estimated:

4.5=220, (5-28)

on = 1.6 inches (5-29)
Therefore, for the 44-ft mast arm analyzed in this research, it is estimated that fatigue
damage occurs when the standard deviation of the vertical displacement () is equal to or
larger than 1.6 inches. Knowing these, the results of the full-scale experiment of the 44-ft

mast arm (discussed in Chapter 3) can be rechecked. These results are re-plotted in
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Figure 5.15 for both cases of with and without backplates (M1100 and M1101,
respectively). It is seen in the figure that the structure did not suffer fatigue damage when
it did not have backplates (i.e., for M1101, the standard deviation of Y was always below
1.6 inches). Fatigue damage did occur when the structure had backplates. This is

consistent with the fatigue-life predictions presented in this chapter.

TS2 (44-ft mast arm)
4 T T T T T T

«  M1100
| ¢ M1101

35

25k ’ e

2 i A Standard deviation of Y = 1.6 in

/
/

Standard deviation of Y (in)

15F 7, s -

1] 50 100 150 200 250 300 350
Mean of wind direction (degrees)

Figure 5.15. Occurrences of Fatigue Damage
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CHAPTER 6

LIFE-CYCLE COST ANALYSIS

6.1 Introduction

“In 1990, two cantilevered signal structures collapsed in close succession in
Michigan, resulting in property damage, injuries, and one fatality. Both collapses
were attributed to loss of strength from fatigue cracks in the anchor bolts. As a
result of this accident, the Michigan Department of Transportation had to pay out a
large settlement that in turn disrupted their maintenance schedule for a three-year
period.” (Ocel, Dexter, and Hajjar 2006)

Certainly, state and government officials in charge of traffic signal structures
would like to avoid a situation like the one that occurred in Michigan. Even in the cases
where no deaths occur or even when there is no collision, the collapse of a traffic signal
structure could disrupt traffic, which in turn could have a negative impact on the local
economy. How negative of an impact depends on the location of the structure and on the
time of the collapse, factors which determine if there is a high or low volume of traffic at
the time of the collapse.

One of the best ways to avoid a collapse is to regularly inspect the structures for
fatigue damage, but inspections also cost money. So officials in charge of the structures
may not want to spend too much of their budgets inspecting for failures that most of the

time are caught before collapse anyway (Dexter and Ricker 2002).
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Life-cycle cost analysis is an economics’ tool that could be used by officials to
select what type of mast arm and signal light head configuration to use, while taking into
consideration costs of inspection and maintenance of the structure. This is assuming that
they have used the methodology presented in Chapter 5 to predict the fatigue life of said
arm and signal configuration.

In this chapter, a brief explanation of life-cycle cost analysis is presented. This is
followed by an example in which the method is applied to cantilever traffic signal
structures. Finally, some recommendations are given to officials in charge of cantilever

traffic signal structures.

6.2 Life-Cycle Cost Analysis Defined

Life-cycle cost analysis (LCCA) is the economic evaluation of expected costs
over the entire life of a proposed project (Riggs 1977). It is used to calculate all the cost
and revenues over the life of the project, including initial costs, operating costs, residual
salvage values, revenues, and profits of the project (Bowman 2003). It can be used to
evaluate different alternatives of the proposed project, competing on the basis of cost
(Humphreys and Wellman 1996). For example, when deciding which type of cantilever
traffic signal structure to put at a certain location, LCCA can be used to select between a
very expensive structure that requires very little maintenance and a low-priced structure
that requires a lot of maintenance. This is done by calculating the total cost over the life

of each of the structures and selecting the one with the lowest cost.
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When performing LCCA, it is common practice to estimate all future costs and
benefits as present values. Therefore, to calculate the life-cycle cost (LCC) of an

alternative, the following formula can be used:

NGl
LCC= ; Lor) A (6-1)

where:
t = time (in years)
N = number of years in the analysis period
r = discount rate for adjusting cash flows to present value
A = amount of benefit or cost on year t
There are cases when not all costs need to be quantified in LCCA. This is because
of the following:
*“...alternatives that accomplish identical objectives often have many costs in
common. Costs that are identical (in terms of both their amount and when they
occur) among all alternatives need not be quantified, as they will ‘wash out’ in a

cost comparison. In short, the analyst should focus only on those costs that vary
among alternatives.” (USDOT 2003)

Different alternatives can be legitimately compared using LCCA only when all of
them satisfy the same performance requirements (Humphreys and Wellman 1996). For
example, it does not make sense to use LCCA to consider a cantilever traffic structure
design which has a mast arm that is not long enough for the location where the structure

is needed.
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The U. S. Department of Transportation (USDOT 2003) states that, as a rule of
best practice, LCCA should be done using dollars and discount rates that do not include
the effects of inflation. This is explained as follows:

“Inflation is very hard to predict, particularly more than a few years into the future.
More importantly, if inflation is added to benefits and costs projected for future

years, it will only have to be removed again before these benefits and costs can be
compared in the form of dollars of any given base year.” (USDOT 2003)

6.3 Example of Life-Cycle Cost Analysis

In this section, a simple example showing the application of life-cycle cost
analysis is shown. Consider the situation where a cantilever traffic signal structure is
needed. There are two design alternatives which are being considered. Alternative No. 1
(Al) has an initial cost of $3000 and needs to be serviced every 5 years. Alternative No.
2 (A2) has an initial cost of $4000 and needs to be serviced every 10 years. The cost of
servicing any structure is $500 (this includes welding the mast arm of structure due to
accumulated fatigue damage). It is estimated that the structure selected will be used for a
period of 30 years. A discount rate of 5 percent will be assumed.

Al will need to be serviced in years 5, 10, 15, 20, and 25. On year 30 it will be
taken down, so no servicing is needed. Applying Equation (6-1), the life-cycle cost of Al
is determined as follows:

LCCA . — $3000  $500  $500 $500  $500 = $500
AlT1.05°  1.05° 1.05°  1.05° 1.05° 1.05% (6-2)
—$4,275.32

Meanwhile, A2 will need to be serviced in years 10 and 20. Applying Equation (6-1), the

life-cycle cost of A2 is determined as follows:
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$4000 $500  $500

LCC,, = + +
A2 1.05°  1.05° 1.05%

= $4,495.40 (6-3)

Alternative No. 1 should be selected because it has the lowest life-cycle cost.

6.4 Recommendations

As mentioned before, there are many different kinds of mast arms and traffic
signal configurations in use. It is still not known if these other cases behave similarly to
the ones studied in Chapters 3 to 5. So until the behavior under wind-loading of these
other types of structures is understood, it is recommended that each structure be inspected
at least every 4 years, as suggested by Dexter and Ricker (2002).

For cases where the behavior of the cantilever traffic signal structures are well
understood, the methodology presented in Chapter 5 could be used to predict the fatigue
life. Then inspections and maintenances could be scheduled according to their expected
fatigue life. For example, it might be desired to inspect each arm when they have suffered
75% of the damage necessary to collapse.

It has been seen in previous chapters that arms that have signals without
backplates have lower amplitude of vibration than those with backplates, so it can be
reasoned that arms without backplates can be inspected less frequently, therefore
reducing further the inspection expenditure if the predicted fatigue life is used. The 4-
year criterion recommended by Dexter and Ricker (2002) does not consider if the

structure has backplates.
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If a city wants to predict the fatigue life to determine when the structures need to
be inspected and maintained, it will require a good database with all the necessary
information. These include the date when the structure was installed, when was the last
time it was inspected and repaired, the direction of the mast arm, and an indication of if
the signals have backplates (the last two affect how much the mast arm vibrates, as
explained in Chapter 5). Other information that should be kept in the database is the
length and shape of the mast arm and the signal light head configuration because they

could affect the occurrence of wind-induced vibrations that could lead to fatigue damage.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

Through both full-scale and wind tunnel experiments, evidence was found that at
least one traffic signal configuration is susceptible to experiencing vortex shedding
vibrations. The configuration in question has the signal heads supported at the same
height of the mast arm, as shown in Figure 7.1. The experiments also indicated that
vortex shedding vibrations are more likely to occur when the signals have backplates,
when the wind speed is steady between 5 to 15 mph, and when the wind approaches the
mast arm from the back of the signal. It was also found that the vibrations caused stress
ranges larger than the constant amplitude fatigue limit (CAFL), therefore these vibrations
can lead to fatigue failure of mast arms. The results also indicated that galloping is very
unlikely to occur for this configuration.

Since this configuration was initially reported as not being susceptible to vortex
shedding vibrations nor to galloping by Pulipaka (1995), it is possible that other
configurations studied by him are also vulnerable to vortex shedding vibrations. In any
case, the experimental results indicate that the AASHTO Specifications (2001) need to be
re-written to consider oscillations induced by vortex shedding in the fatigue design of

cantilever traffic signal structures.
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Figure 7.1. Traffic ignl Configuration Suscpti e to \Vortex Shedding

Since fatigue failures can lead to collapses that may cause deaths, it is important
for managers responsible for traffic signal structures to establish inspection schedules for
these structures. These schedules should take into consideration the orientation of the
mast arm and the wind climatology of the location to determine which structures are at
most risk of suffering fatigue failure and therefore need to be inspected more frequently.
To aid in the establishing of the inspection schedule, it is recommended that these
managers keep a database with all the necessary information to calculate the remaining
fatigue life of each of their structures.

As explained before, the mast arm undergoes larger amplitudes of vibration when
the signals have backplates. Therefore managers should also make sure that signal heads
have backplates only when necessary. In the city of Lubbock there are several arms
pointing east or west that have signals with backplates, even though they are not needed

given that drivers will be facing north or south when in front of these structures.
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Given the experimental results and limitations of this research, the following

research is suggested:

The many different traffic signal configurations with the different types of
mast arms should be tested to determine how susceptible they are to galloping,
vortex shedding, and natural wind gusts.

An equivalent static load for vortex shedding needs to be determined to be
included in the AASHTO Specifications (2001) or measures to suppress
vortex shedding altogether should be investigated.

Research should be conducted to improve the methodology to predict fatigue
life that was presented in Chapter 5. Some of the things that could be
researched are the following:

o0 The determination of accurate values of the C factor which establishes the
relationship between wind tunnel results to full-scale values of peak-to-
peak amplitude of vertical vibrations.

0 The estimation of a more accurate dynamic factor d. This could include
taking into consideration the effect that other mode shapes (besides the
first) have on the stresses of the mast arm.

o Determine a better way to estimate the cumulative fatigue damage other
than the application of Miner’s Rule. There are many cumulative fatigue
damage theories for metals and their alloys other than Miner’s Rule. For a
comprehensive review of these, Fatemi and Yang (1998) can be consulted.
Applying a different theory may produce more accurate results.
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APPENDIX A

MODE 1100 RESULTS

In this section, all the figures obtained by analyzing the data collected under
Mode 1100 (arms pointing north, signals with backplates) are shown, as discussed in
Section 3.3.2. A dot on a given plot represents two minutes of data. The sign convention
of the angle of attack and of the wind speed components u and v is shown in Figure 3.10.
The w-component is positive in the upward direction. X and Y refer to out-of-plane (or

horizontal) and in-plane (or vertical) displacements of the tip of the arm, respectively.
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Figure A.1. Effect of u-component on horizontal vibrations of TS1 with backplates
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Figure A.2. Effect of u-component on vertical vibrations of TS1 with backplates
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Figure A.3. Effect of v-component on horizontal vibrations of TS1 with backplates
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Figure A.4. Effect of v-component on vertical vibrations of TS2 with backplates
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Figure A.5. Effect of w-component on horizontal vibrations of TS1 with backplates
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Figure A.6. Effect of w-component on vertical vibrations of TS1 with backplates
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Figure A.7. Effect of total wind speed on horizontal vibrations of TS1 with backplates
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Figure A.8. Effect of total wind speed on vertical vibrations of TS1 with backplates
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Figure A.9. Effect of wind direction on horizontal vibrations of TS1 with backplates
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Figure A.10. Effect of wind direction on vertical vibrations of TS1 with backplates
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Figure A.11. Effect of u-component on horizontal vibrations of TS2 with backplates
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Figure A.12. Effect of u-component on vertical vibrations of TS2 with backplates
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Figure A.13. Effect of v-component on horizontal vibrations of TS2 with backplates
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Figure A.14. Effect of v-component on vertical vibrations of TS2 with backplates
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Figure A.15. Effect of w-component on horizontal vibrations of TS2 with backplates
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Figure A.16. Effect of w-component on vertical vibrations of TS2 with backplates
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Figure A.17. Effect of total wind speed on horizontal vibrations of TS2 with backplates
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Figure A.18. Effect of total wind speed on vertical vibrations of TS2 with backplates

181



TS2 (44-ft mast arm}
8 T T T T T T T

&= wh
. -
L

Standard deviation of X {in)
w
T
LY
1

(] 50 100 150 200 250 300 350
Mean of wind direction (degrees)

Figure A.19. Effect of wind direction on horizontal vibrations of TS2 with backplates

TS2 (44-ft mast arm}
8 T T T T T T T

wh

Standard deviation of Y (in)
w o
T T
1 L

0 50 100 150 200 250 300 350
Mean of wind direction (degrees)

Figure A.20. Effect of wind direction on vertical vibrations of TS2 with backplates
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APPENDIX B

MODE 1101 RESULTS

In this section, all the figures obtained by analyzing the data collected under
Mode 1101 (arms pointing north, signals without backplates) are shown, as discussed in
Section 3.3.3. A dot on a given plot represents two minutes of data. The sign convention
of the angle of attack and of the wind speed components u and v is shown in Figure 3.10.
The w-component is positive in the upward direction. X and Y refer to out-of-plane (or

horizontal) and in-plane (or vertical) displacements of the tip of the arm, respectively.
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Figure B.1. Effect of u-component on horizontal vibrations of TS1 without backplates
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Figure B.2. Effect of u-component on vertical vibrations of TS1 without backplates
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Figure B.3. Effect of v-component on horizontal vibrations of TS1 without backplates
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Figure B.4. Effect of v-component on vertical vibrations of TS2 without backplates
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Figure B.5. Effect of w-component on horizontal vibrations of TS1 without backplates
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Figure B.6. Effect of w-component on vertical vibrations of TS1 without backplates
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Figure B.7. Effect of total wind speed on horizontal vibrations of TS1 without backplates
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Figure B.8. Effect of total wind speed on vertical vibrations of TS1 without backplates
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Figure B.9. Effect of wind direction on horizontal vibrations of TS1 without backplates

TS1 (60-ft mast arm)
8 T T 1 T T T T

wh

Standard deviation of Y (in)
w o
T T
1 L

0 50 100 150 200 250 300 350
Mean of wind direction (degrees)

Figure B.10. Effect of wind direction on vertical vibrations of TS1 without backplates
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Figure B.11. Effect of u-component on horizontal vibrations of TS2 without backplates
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Figure B.12. Effect of u-component on vertical vibrations of TS2 without backplates
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Figure B.13. Effect of v-component on horizontal vibrations of TS2 without backplates
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Figure B.14. Effect of v-component on vertical vibrations of TS2 without backplates

190



TS2 (44-ft mast arm)

8 1 T T T 1 T T 1 T

7}

ﬁ, -
E
» 9
ki
8
=
= 4t i
3
o
=
-
E 3 -
hul -
&

2_ -

1} "

- o
ol | al X j il -nrM}l-".‘ o 4
-10 -8 -6 -4 -2 0 2 4 [ 8 10
Mean of w-component (mph)

Figure B.15. Effect of w-component on horizontal vibrations of TS2 without backplates

TS2 (44-ft mast arm}
8¢ T T T T T T

Standard deviation of Y (in)
F
T
L

o R

0. ! al L] - Al |¢fhwj‘.‘ﬂn' atl e

-10 -8 -6 -4 -2 0 2 4 [
Mean of w-component (mph)

o
-
(=]

Figure B.16. Effect of w-component on vertical vibrations of TS2 without backplates
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Figure B.17. Effect of total wind speed on horizontal vibrations of TS2 without backplates
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Figure B.18. Effect of total wind speed on vertical vibrations of TS2 without backplates
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Figure B.19. Effect of wind direction on horizontal vibrations of TS2 without backplates
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Figure B.20. Effect of wind direction on vertical vibrations of TS2 without backplates
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APPENDIX C

JUSTIFICATION FOR ELIMINATION OF THE POLE FROM THE
WIND TUNNEL MODEL

As discussed on Section 4.3.1, only the mast arm of a cantilever traffic signal
structure was aeroelastically modeled for the wind tunnel experiments conducted for this
research. The aeroelastic properties of the pole were not included into any of the models.
To justify this, it was confirmed that the stiffness of the pole is much larger than the
stiffness of the mast arm as shown in the following calculations.

To simplify calculations, an average outside diameter (OD) was computed for
each the mast and the pole using the dimensions shown on Figure 3.3.

~5.125"+11.4"

mast

oD = 8.2625" (C-1)

_12"+14.5"

0D, === =13.25" (C-2)

With the average outside diameter, and knowing the thickness (t) of each of the
elements (also shown in Figure 3.3), a moment of inertia (1) was calculated for each the

mast and the pole.

| = Z[(OD)* - (OD - 2t)*] (C-3)
64

| = é[(8.2625)4 —(8.2625—-2%0.25)*]=50.55in" (C-4)

| e = é[(13.25)4 —(13.25-2x0.375)*]1=314.56in"* (C-5)
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The mast and the pole of a cantilever traffic signal structure are each essentially a

cantilever beam. Columns 1 and 2 of Table C-1 show common loading cases for

cantilever beams as well as the equations to calculate the stiffness (k) for each case.

Columns 3 and 4 show the stiffness values calculated for each the mast and the pole using

the appropriate equations. For the calculations, the lengths (L) were also taken from

Figure 3.3 and the modulus of elasticity (E) for steel was taken as 29,000 ksi. Column 5

shows the ratio of the pole stiffness to the mast stiffness, which clearly demonstrate that

the pole is much stiffer than the mast arm.

Table C.1. Stiffness calculations

Loading Case k K mast K pole K pote / K mast
1) P ) Q) 4) (®)
L 3EI . L
| —3 0.299 Kips/in 2.109 Kips/in 70.6
L L
.S R S S S 8EI L o
] | 7 .000151 Kips/in .0239 kips/in 158.6
- L
2El L L
. DM — 10.51 kips-in/fin  330.4 Kkips-in/in 31.4
' L
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APPENDIX D

TEXAS TECH WIND TUNNEL RESULTS

In this section all the figures obtained by analyzing the data collected in the wind
tunnel experiments conducted at Texas Tech University are shown, as discussed in
Section 4.4. The sign convention of the angle of attack is the same one used for the full-

scale experiments and is shown in Figure 3.10. In these figures, BP stands for backplates.

Angle of attack of 0 degrees
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o Smooth Flow with BP
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L e — ) | L | I
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Figure D.1. Wind tunnel results for angle of attack of 0 degrees
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Figure D.2. Wind tunnel results for angle of attack of 15 degrees
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Figure D.3. Wind tunnel results for angle of attack of 25 degrees

197




Angle of attack of 35 degrees
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Figure D.4. Wind tunnel results for angle of attack of 35 degrees
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Figure D.5. Wind tunnel results for angle of attack of 45 degrees
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Angle of attack of 55 degrees
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Figure D.6. Wind tunnel results for angle of attack of 55 degrees
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Figure D.7. Wind tunnel results for angle of attack of 65 degrees
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Angle of attack of 75 degrees

15; T T T T T T 1 T
Exposure D with BP
—=— Smooth Flow with BP
2 10 g el
z |||
= i i
ol | |".
o Il \
B f i
4 |
-é ,!'.' | II|I
2 | A
'§ ||||I | I'.
f b\
-E 5} |II 1
2 |l | A
5 | -k
n I I
li'u 1%
| I
| | \
||' | “.
I | Y 8 A
Fi| | -
J I S
ol LY | I i | | | | L
(] ] 10 15 20 25 30 35 40 45 50

Wind speed (mph)

Figure D.8. Wind tunnel results for angle of attack of 75 degrees
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Figure D.9. Wind tunnel results for angle of attack of 85 degrees
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Angle of attack of 90 degrees
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Figure D.10. Wind tunnel results for angle of attack of 90 degrees
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Figure D.11. Wind tunnel results for angle of attack of 95 degrees
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Angle of attack of 105 degrees
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Figure D.12. Wind tunnel results for angle of attack of 105 degrees

Angle of attack of 115 degrees
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Figure D.13. Wind tunnel results for angle of attack of 115 degrees
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Figure D.14. Wind tunnel results for angle of attack of 125 degrees
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Figure D.15. Wind tunnel results for angle of attack of 135 degrees
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Figure D.16. Wind tunnel results for angle of attack of 145 degrees
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Figure D.17. Wind tunnel results for angle of attack of 180 degrees
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Angle of attack of 225 degrees
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Figure D.18. Wind tunnel results for angle of attack of 225 degrees
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Figure D.19. Wind tunnel results for angle of attack of 270 degrees
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Angle of attack of 315 degrees
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Figure D.20. Wind tunnel results for angle of attack of 315 degrees
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APPENDIX E

FULL-SCALE EXPERIMENTS WITH VENTED BACKPLATES AND
DAMPING PLATES

E. 1 Introduction

This appendix is an addendum to the report titled Risk assessment model for wind-
induced fatigue failure of cantilever traffic signal structures. The addendum discusses the
full-scale experiments that were not covered in the original report. These are the
experiments performed under Modes 1103 and 1105.

For Mode 1103, data was collected when the full-scale structures had signals with
vented backplates and the arms pointing southeast. Meanwhile, Mode 1105 was
conducted while the signals had regular backplates and with the arms pointing southeast
and having damping plates. Otherwise, both modes were conducted with the same
experimental setup as discussed in the original report. Like before, the anemometer was
oriented so that positive u and v were measured as shown on Figure 1, with w being the
vertical component which is positive going upwards. Also shown on Figure 1 is the angle

of attack sign convention.
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Figure E. 1. Anemometer Orientation and Angle of Attack Sign Convention

E. 2 Mode 1103

From March to June 2007, data was collected under Mode 1103 with the arm
pointing southeast and the signals having vented backplates. The vented backplates are
similar to the regular backplates used in Mode 1100, except that these backplates have
louvers. During this period, 2613 hours of data were collected for TS1 and 2481 hours
were collected for TS2. As usual, all the data was analyzed by dividing the long time
histories into 2-minute segments, calculating summary statistics for different measured
parameters, and plotting graphs. The graphs for TS1 are presented here as Figures 2 to
11, while the graphs for TS2 are presented as Figures 12 to 21. Outlying data points have
been retained for completeness and have not been individually validated.

Paying close attention to the vertical vibrations () of the arm of TS1, it can be

seen in Figures 3, 5, 7, 9, and 11 that there were very few occasions when the standard
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deviation of Y was over 2 inches. Still, higher than average values of the standard

deviation of Y were observed for the following conditions:

e When the mean of the u-component was about -10 mph (as shown in Figure
3).

e When the mean of the v-component was about 8 mph (as shown in Figure 5).

e When the mean of the total wind speed was about 12 mph (as shown in Figure
9).

e When the mean wind direction was about 300 degrees (as shown in Figure
11).

For the case of TS2, there were a few more instances of the standard deviation of

Y being over 2 inches, but there were no discernible patterns.

TS1 (60-ft mast arm)
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Standard deviation of X (in)
F
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Mean of u-component (mph)

Figure E. 2. Effect of u-component on horizontal vibrations of TS1 with vented backplates
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Figure E. 3. Effect of u-component on vertical vibrations of TS1 with vented backplates
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Figure E. 4 Effect of v-component on horizontal vibrations of TS1 with vented backplates
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Figure E. 5 Effect of v-component on vertical vibrations of TS2 with vented backplates
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Figure E. 6 Effect of w-component on horizontal vibrations of TS1 with vented backplates
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Figure E. 7 Effect of w-component on vertical vibrations of TS1 with vented backplates
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Figure E. 8 Effect of total wind speed on horizontal vibrations of TS1 with vented backplates
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Figure E. 9 Effect of total wind speed on vertical vibrations of TS1 with vented backplates
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Figure E. 10 Effect of wind direction on horizontal vibrations of TS1 with vented backplates
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Figure E. 11 Effect of wind direction on vertical vibrations of TS1 with vented backplates
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Figure E. 12 Effect of u-component on horizontal vibrations of TS2 with vented backplates
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Figure E. 13 Effect of u-component on vertical vibrations of TS2 with vented backplates
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Figure E. 14 Effect of v-component on horizontal vibrations of TS2 with vented backplates
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Figure E. 15 Effect of v-component on vertical vibrations of TS2 with vented backplates
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Figure E. 16 Effect of w-component on horizontal vibrations of TS2 with vented backplates
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Figure E. 17 Effect of w-component on vertical vibrations of TS2 with vented backplates
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Figure E. 18 Effect of total wind speed on horizontal vibrations of TS2 with vented backplates
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Figure E. 19 Effect of total wind speed on vertical vibrations of TS2 with vented backplates
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Figure E. 20 Effect of wind direction on horizontal vibrations of TS2 with vented backplates
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Figure E. 21 Effect of wind direction on vertical vibrations of TS2 with vented backplates

Figure E 22 compares the vertical vibrations results of Modes 1100 (signals with
regular backplates) and 1103 (signals with vented backplates). For this figure, the data of
Mode 1103 was plotted on top of the Mode 1100 data. It is apparent from this figure that
the 44-ft structure did not vibrate much under either regular or vented backplates.
Meanwhile, the vented backplates appeared to be effective in reducing the amplitude of
vibrations of the 60-ft mast arm, at least when the angle of attack was away from 300
degrees. It should be kept in mind that only 2613 hours of data were collected for the 60-
ft arm under Mode 1103 versus 4858 hours recorded under Mode 1100. It is possible that

with more hours recorded under Mode 1103, larger vibrations could be observed.
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Figure E. 22 Comparison between Modes 1100 and 1103

E. 3 Mode 1105

From July to September 2007, data was collected under Mode 1105 with the arms
pointing southeast and the signals having regular backplates. In addition, each arm had a
plate installed as a damping device, as shown in Figure 23. Each plate was 60-inches by
16-inches and was located 5% inches on top of the mast arm. For TS1, the center of the
plate was located 86%2 inches from the tip of the arm, while for TS2, the center of the
plate was located 84 inches from the tip of the arm.

During this mode, 1175 hours of data were collected for both TS1 and TS2. As
before, all data was analyzed by dividing the long time histories into 2-minute segments,

calculating summary statistics for different measured parameters, and plotting graphs. All
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the plotted graphs are presented here as Figures 24 to 43. Outlying data points have been

retained for completeness and have not been individually validated.

Figure E. 23 Mast arm with damping plate

Paying close attention to the vertical vibrations of the arm of TS1, it can be seen
in Figures 25, 27, 29, 31, and 33 that rarely was the standard deviation of Y over 1 inch.
It appears that the plate was an effective damping device for this structure. This is not the
case for TS2 for which several cases of the standard deviation of Y being over 2 inches.

These cases were observed mostly under the following conditions:
¢ When the mean of the u-component was about 5 mph (as shown in Figure 35).
¢ When the mean of the v-component was about 3 mph (as shown in Figure 37).

e When the mean of the total wind speed was about 6 mph (as shown in Figure
41).
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e When the mean wind direction was about 50 degrees (as shown in Figure 43).
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Figure E. 24 Effect of u-component on horizontal vibrations of TS1 with damping plate
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Figure E. 25 Effect of u-component on vertical vibrations of TS1 with damping plate
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Figure E. 26 Effect of v-component on horizontal vibrations of TS1 with damping plate

223



TS1 (60-ft mast arm)
8 T T T T T T

Standard deviation of Y (in)
E-S

2k a
9

0 | .’P 4

-40 -30 -20 -10 0 10 20 30 40

Mean of v-component (mph)

Figure E. 27 Effect of v-component on vertical vibrations of TS2 with damping plate
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Figure E. 28 Effect of w-component on horizontal vibrations of TS1 with damping plate
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Figure E. 29 Effect of w-component on vertical vibrations of TS1 with damping plate
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Figure E. 30 Effect of total wind speed on horizontal vibrations of TS1 with damping plate
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Figure E. 31 Effect of total wind speed on vertical vibrations of TS1 damping plate
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Figure E. 32 Effect of wind direction on horizontal vibrations of TS1 with damping plate
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Figure E. 33 Effect of wind direction on vertical vibrations of TS1 with damping plate
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Figure E. 34 Effect of u-component on horizontal vibrations of TS2 with damping plate
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Figure E. 35 Effect of u-component on vertical vibrations of TS2 with damping plate
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Figure E. 36 Effect of v-component on horizontal vibrations of TS2 with damping plate
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Figure E. 37 Effect of v-component on vertical vibrations of TS2 with damping plate
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Figure E. 38 Effect of w-component on horizontal vibrations of TS2 with damping plate
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Figure E. 39 Effect of w-component on vertical vibrations of TS2 with damping plate
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Figure E. 40 Effect of total wind speed on horizontal vibrations of TS2 with damping plate
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Figure E. 41 Effect of total wind speed on vertical vibrations of TS2 with damping plate
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Figure E. 42 Effect of wind direction on horizontal vibrations of TS2 with damping plate
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Figure E. 43 Effect of wind direction on vertical vibrations of TS2 with damping plate

Figure E 44 compares the vertical vibrations results of Modes 1100 (signals with
backplates) and 1105 (signals with backplates and arms with damping plate). For this
figure, the data of Mode 1105 was plotted on top of the Mode 1100 data. It is apparent
from this figure that the damping plate was effective in minimizing the amplitude of
vibrations of the 60-ft arm, but it was not very effective in minimizing them for the 44-ft

arm.
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Figure E. 44 Comparison between Modes 1100 and 1105

E. 5 Conclusions

Two methods to minimize the amplitude of the vertical vibrations were tested in
the full-scale experiments: (1) the vented backplates and (2) the damping plate. In the
case of the 60-ft arm, the damping plate appeared to be effective in minimizing the
amplitude of vibrations, but the vented backplates appeared to make the arm susceptible
to vibrate at certain conditions, like when the mean wind direction is close to 300
degrees. Meanwhile, the vented backplates appeared to minimize the amplitude of

vibrations of the 44-ft arm, but the damping plate to be ineffective in minimizing them.
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