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the Texas Department of Transportation (TXDOT). This report does not constitute a
standard, specification, or regulation. This report is not intended for construction,
bidding, or permit purposes.

The United States Government and the State of Texas do not endorse products
or manufacturers. Trade or manufacturers’ names appear herein solely because they are
considered essential to the object of this report. The engineer in charge of this project

was Ali Abolmaali (Texas P.E. #94514).



ACKNOWLEDGMENTS

The authors would like to express their sincere gratitude to the Texas
Department of Transportation for its financial support throughout this project. The
authors’ special appreciations and gratitude are extended to Mr. Wade Odell, Research
Engineer for Traffic Operations, Research and Technology Implementation Office, for
his incessant involvement and assistance in the project from the beginning to the end.
The authors particularly are thankful to Mr. Fabian Kalapach, Traffic Operations
Division, Project Director, and Mr. Al Kosik, Traffic Operations Division, Program
Coordinator, for their constant invaluable technical knowledge and general support for
this project. The technical assistance and support provided to us by the project advisors,
Mr. Jim Yang, Bridge Division, and Mr. Charles Koonce, Traffic Operations Division,
are highly acknowledged. Finally, the authors express their appreciation to Ms. Sandra
Kaderka, Contract Specialist, Research and Technology Implementation Office, for her
timely and efficient handling of the project contract administration. In addition, the
authors are thankful to the TxDOT transportation operations personnel in the
Fort Worth, Amarillo, and Dallas Districts for providing locations and bucket trucks for
instrumentation and camera installation. Special appreciation goes to the Automation
Robotic Research Institute at the University of Texas at Arlington for providing shake
table and assistance in part of the laboratory tests.

October 31, 2007

Vi



ABSTRACT

Long tapered poles are commonly used to support Closed Circuit Television
(CCTV) Cameras for security and traffic monitoring. Images received from CCTV are
normally distorted depending on the wind induced vibration characteristics of the
forcing function. To reduce image distortion, three approaches are integrated to
optimize the process, which are: (1) development of equations for pole’s frequency of
vibration in terms of its geometric variables; (2) development of a mechanical damping
device to isolate the pole’s vibration from that of the camera; and (3) development of an
electrical image processing device for image corrections.

The identification of a pole’s natural frequency of long tapered hollow steel
poles is the most important parameter in the design and calibration of the mechanical
damping device. Thus, three-dimensional finite element model analyses, by taking into
account the couplings between material, contact and geometric nonlinearities are
developed to determine the natural frequency equations for poles commonly used by
TXDOT in terms of their geometric variables. A sensitivity study is performed to study
the effect of different geometric parameters on the overall natural frequency of the pole.
Using the results from the parametric study, empirical formulae between the geometric
parameters and the first, second, and third mode natural frequencies for the long tapered
hollow steel poles are obtained. In order to verify the Finite Element analysis, data
collected from the accelerometers installed on the poles are adopted and analyzed. A
natural frequency envelope is obtained by varying the pole geometry provided by
TxDOT for mechanical isolator device design.
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A biaxial mechanical isolator device is developed, specifically aimed at
horizontal high-frequency motion abatement in pole-mounted camera applications and
similarly conditioned supports. The device works on the principle of force and
displacement transmissibility reduction via the use of a lightly damped spring interface
with a tuned natural frequency. The isolator is inserted between the top of the structure
(pole) and the seat of the camera, and operates by rejecting undesirable high-frequency
modal vibrations experienced by the main support; this has the effect of diminishing
high-acceleration ground inputs which are principally responsible for image distortion.
By design, the isolator trades its high-frequency performance for a low-frequency
heave, which does not induce blur but causes limited horizon shift. The developed
mechanical device is designed to reduce significantly the high pole vibration
frequencies experienced by the camera. Also the digital algorithm for image
stabilization is developed, which is highly effective for low-frequency vibration. For
this reason, the proposed mechanical solution is prescribed as an ancillary technique to
image processing in installations where high-frequency or displacement conditions
prevail at the camera support. Together with the mechanical approach to stabilize the
images, the image processing is also performed to provide the best stabilized images.

Finally, a testbed is developed and implemented to perform experiments and
analyze the speed and efficiency of different image stabilization algorithms. This
algorithm is being integrated with the mechanical device to optimize the vibration

reduction process.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Closed circuit television (CCTV) cameras are used to transmit video signals to
the traffic management center. Many cities and highway networks have extensive traffic
monitoring systems, using CCTV to detect congestion and notice accidents. The CCTV
camera system can obtain real-time live images of ongoing traffic.

CCTV use in traffic monitoring systems has three important structural features:
a long tapered pole, a camera installed on the top of the pole, and the connection of the
pole to its foundation, as shown in Figure 1.1.

Generally, the images received from the cameras are distorted because of the
pole’s vibration due to the applied wind load. The image distortion is characterized by
the pole’s vibration frequency; the higher the frequency of the pole vibration, the more
distortion of the images. The distorted images transmitted to the transportation control

rooms (Figure 1.2) become obsolete which retard the efficiency of traffic monitoring.



Figure 1.2 A typical traffic monitoring center at
Florida traffic management center.



Figures 1.3, 1.4, and 1.5 show typical distorted images obtained from traffic

monitoring centers.

Figure 1.4 Traffic video snap shot at intermediate vibration frequency of the pole.



Figure 1.5 Traffic video snap shot at high vibration frequency of the pole.

The image distortion is directly related to the pole’s dynamic vibration
characteristics. This means that, in order to develop a device which will be placed
between the camera and the pole, the natural vibration frequencies of the pole need to
be studied. The natural vibration frequencies of the poles depend on the pole’s
geometric parameters such as: height, thickness, base diameter, top diameter, and the
parameter defining the pole’s connection assembly to the base foundation, as shown in

Figure 1.6.
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Figure 1.6 Typical pole geometric parameters
(a) General parameter; (b) Section A-A; (c) Section B-B.

The classical solutions for the frequency of vibration with fixed support have
been reported (Engineering Vibrations (Jacobsen and Ayre, 1958)). However, the
analysis of tapered poles considering the flexibility of the connection assembly is not an
easy task. Indeed, this is identical to the classical problem of the beam-to-column
connection where the connection is defined as “semi-rigid.” Traditionally, experimental
testing and finite element analysis (FEA) are employed to consider the effects of semi-

rigidity into analysis (Abolmaali et al., 2005; and Abolmaali et al., 2003).



In this project, both experimental and finite element analyses are employed to
develop equations for the natural frequencies of the poles. The FEM that was developed
and verified in TXDOT Project 0-4470 (Jung et al., 2006; and Jung, 2005) was further
refined for the study.

The developed FEM was used to conduct frequency analysis on all the poles
with all the possible combinations of geometric variables (80 cases). Figure 1.7 shows

typical FEM results from the frequency analysis.

/

&

Mode 1 Mode 2 Mode 3
f=0.872 Hz f=5.264 Hz f=14.873 Hz

Figure 1.7 Typical mode shapes of 60 ft pole.

The obtained frequency of vibrations was categorized based on different pole
sizes. This information was used to develop a mechanical device to be placed between
the pole and the camera to eliminate the camera’s vibration which led to image

distortion. Figure 1.8 shows the schematic and photograph of this device.
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Figure 1.8 Schematic and photograph of the device with light ballast.

Also, an electrical algorithm was developed to remove the unwanted motion
(jitter) from the image sequence. The image stabilization program is a Matlab program
which can stabilize an input video sequence and display the resulting video. The input
video can be selected from a live camera or it may be read from a video file. The

algorithm is shown in Figure 1.9.

Motion g \
> Compensation rI

Global
Motion
Frame p| Feature Estimation
Buffer " | Extraction
A h 1
h 4 L 1
oca
Image Feature %
<o —» Motion
A_cql,:l:ltl(ln Correspondence Estimation

C

Video
File

Figure 1.9 Block diagram of the image stabilization program.



1.2 Literature Review

The following is the literature review of the tapered hollow steel pole, bolt
connection, and mechanical damping device.

1.2.1 Tapered Hollow Steel Pole

The information in literature with regard to the dynamic characteristics of the
long tapered hollow steel poles is limited. There are some codes, reports and
publications (Pagnini and Solari, 2001; and Caracoglia and Jones, 2005) regarding the
dynamic behaviors of road signs, signals and light poles. But there has not been any
essential work done over poles containing CCTV cameras in any literature and the
specific requirements on dynamic behaviors of CCTV poles are not documented (Jung
et al., 2005). A commonly used tapered pole’s height may vary from 20 ft to 65 ft
depending on the applications, which in turn cause variation of other parameters such as
base diameter, top diameter, pole thickness, base plate thickness, and bolt diameter.
Also, wind loads vary in different regions and seasons, and the vibrations caused by
vehicle traffic affect the pole’s deflection and ultimately the images transmitted by the
cameras. Thus, prior to the study by Jung et al. (2005), the lack of generalized equations
for stiffness and strength of the CCTV poles as the functions of their geometric
variables was under scrutiny (Abolmaali et al., 2003). Cameras currently in use are
supported by wood, concrete, and steel, while recently fiber-reinforced plastic (FRP)
poles have gained wide popularity (Lacoursiere, 1999). State departments of
transportation, including the Texas Department of Transportation, generally use tapered

steel poles most often on or near the vicinity of bridge structures (Jung et al., 2006). The



California Department of Transportation has recently installed several FRP poles on
bridges at different locations (www.dot.ca.gov).

Several investigations on the steel and FRP poles have been performed to
predict their load-deflection behavior. Single-pole transmission structures made of
wood were studied by Vanderbilt and Criswell (1988). The analysis of the transmission
poles utilized the Newmark numerical technique to provide the exact solution to the
differential equation for large deflections. A computer program was developed for the
design and analysis of wood poles. Design equations based on the load resistance factor
design (LRFD) format were presented.

Lin (1995) investigated the linear static analysis of taper FRP poles in terms of
various material configurations, geometries, loading condition and boundary conditions.
Large deflection analysis was also performed by the finite element model presented. In
the linear static analysis, shear strains were not very significant if the pole was in
bending, and the layer with the longitudinal fiber orientation would resist most of the
load. This study found that the greater the taper ratio, the better the performance was in
the practical range, and the fibers oriented at an angle (0 to 45 degrees) with respect to
the longitudinal direction resulted in economic design.

Kocer and Arora (1996, 1997) developed the optimal design process for steel
transmission poles. The geometric properties such as outside diameter at the top of the
pole, the thickness of the first and the second piece, and the tapering of the pole were
used for design variables. To conduct the design process, the design moment,

compressive stress, bending stress, shear stress, and the deflection were calculated. It


http://www.dot.ca.gov

was concluded that as the pole tapering increased, other design variables decreased for
the optimal design. This study also developed optimal design methods for
standardization of steel poles which was developed by discretizing the design variables
such as geometric dimensions of the poles, cross-sectional shape, material properties
and steel grade, for the pole structure.

Dicleli (1997) investigated the optimum design of steel pole structures. Simple
equations and charts for the design of tubular telescopic steel poles of various steel
grade and length were automatically obtained by the developed program. The pole
structures were considered to be subjected to concentrated loads and moments. The
program used the unit dummy load method to determine the displacements of the
structures.

Polyzois et al. (1998) investigated the dynamic analysis of tapered composite
poles with hollow circular cross-section produced by the filament wound technique. The
natural frequency and period were performed by modal analysis. An analytical model
was developed with tapered beam elements including shear effects, which showed good
correlation with the finite element results.

Polyzois et al. (1999) presented the results of twelve glass fiber-reinforced
plastic poles with various thickness and fiber orientations under cantilever loading. The
objective of their study was to compare the analytical results obtained in the study to
those of experiments in order to design a series of FRP poles with different safety
factors. Modulus of elasticity, Poisson’s ratio and shear modulus were calculated by the

rule of mixture (Daniel and Ishai, 2005) and Tsai-Hahn approach. The correlation
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between the analytical and experimental results was reasonable. It was concluded that a
lower factor of safety of 4 can be used for the design of FRP poles.

Ovalization behavior of tapered fiber-reinforced polymer (FRP) poles was
presented by Ibrahim and Polyzois (1999). The parameters used in this study were wall
thickness and fiber angle. Brazier’s modified equation was used to account for the
orthotropic properties of FRP poles. This study concluded that the behavior of the FRP
poles was non-linear and the critical ovalization load decreased with an increase in the
fiber angle.

As a continuation of the work by Polyzois et al. (1999), Ibrahim et al. (2000)
conducted twelve full-scale tests on tapered glass fiber-reinforced plastic (GFRP) poles
with hollow circular cross section subjected to cantilever bending. Those specimens
were made of polyester resin reinforced with E-glass fibers by the filament winding
process. Theoretical models developed for evaluating the ultimate load were used to
determine the optimal cross section of the poles. Fiber orientation and the number of
layers were included in the parametric study.

1.2.2 Bolt Connection

For dealing with the dynamic finite element analysis (FEA) of the pole, the role
of the bolted connection assembly which supports the pole to the concrete base is
considered. Even though using the dynamic (or cyclic) FEA of bolted connection are
less noticed in existing literatures concerning the dynamic behaviors of pole, there are

many literatures reported on the static FE analysis of steel connections.
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Early studies by Krishnamurthy et al. (1979) and Krishnamurthy (1980)
presented the finite element modeling of bolted connections with varying geometric
parameters, support conditions, loading sequence, and material properties. They also
compared the results obtained from both 2- and 3-dimensional models.

Krishnamurthy (1981) developed the finite element methodology, specifically
for the analysis of unstiffened, four bolt extended end-plate connections. Based on
finite-element analyses of a large number of geometric configurations of the connection
along with a series of experimental tests, the design methodology was developed, which
was found in the 8" edition of the AISC Manual of Steel Construction (1980).
Krishnamurthy’s theoretical result clearly showed that even if enough prying action is
presented, it is too conservative to assume it to be acting at the edge of the end plate
since this results in thicker than necessary plates.

Kukreti, Murray and Abolmaali, (1984) presented a finite element model for the
moment rotation relationship of a bolted steel end-plate connection. A flush end-plate
connection was used for the finite element model and experiments were conducted to
verify the model. A parametric study was also conducted on the finite element model to
determine the effects of various geometric and force related variables. Regression
analysis was done on the collected data to develop a prediction equation for the
behavior of the connection.

Raj et al. (1987) conducted an analytical study of the behavior of the contact
zone and pressure distribution between two circular flat plates connected by a circular

bolt. The analytical study included a parametric study. The parameters used in this

12



study are as follows: elastic properties of bolt and materials, bolt head diameter, and
thickness of the plates. It was shown that the elasticity of the bolt and the thickness of
the plates played an important role in the load transfer and, consequently, the contact
pressure distribution between the plates.

Rothert et al. (1992) studied the 3D finite element analysis of bolted connections
including contact. A special finite element rod model has been developed to incorporate
the deformations of the connecting devices in the analysis of steel frame structures. This
model is even capable of describing the complete plasticization of a connection.

Stallings and Hwang (1992) presented a simple bolt pretension model in finite
element analyses of bolted connections by using temperature changes for the bolts
modeled with rod elements. They suggested that two methods presented could be used
to produce the desired bolt pretensions without elaborate algorithms.

Kulak and Birkemoe (1993) conducted field studies on bolt pretension. This
study showed that actual pretensions were 35% greater than specified minimum
pretensions. Therefore, bolt pretension would be at least 70% of the ultimate tensile
strength of the bolt known as proof load.

Gebbeken et al. (1994) presented finite element modeling of bolted steel
connections in order to predict their load carrying behavior and to calculate their limit
loads. Influence of each geometric variable on connection flexibility has been studied.
Gebbeken and others included the effect of material and contact nonlinearities.

Sherbourne and Bahaari (1997) presented a three-dimensional finite element

model to determine moment-rotation relationships for steel bolted extended end-plate

13



connections. The end plate considered in the model consisted of a plate welded to the
beam cross-section and bolted by two consecutive rows of the two bolts at the tension
flange of the beam and one row of bolts above the compression flange. Plate elements
were used for end plates, beam and column flanges, webs, and column stiffeners. Truss
elements were used for the bolt shank, and the bolt head and nut were modeled with
brick elements. The von Mises yield criterion with the associative flow rule was used in
the study. The finite element results were compared with the experimental values to
verify the model.

Chung and Choi (1996) investigated the effect of bolt pre-tensioning and the
shapes of the bolt shank, head, and nut on the behavioral characteristics of the end-plate
connections. In order for the model to simulate the interaction between the end plate
and the column flange, a contact algorithm with gap elements was employed.

Chutima and Blackie (1996) investigated the effect of pitch distance, row
spacing, end distance and bolt diameter on composite laminate plate joints subjected to
tensile loading to consider the effect on the local contact stress distribution.

Hassan et al. (1996) worked on finite element analysis of bolted connections for
fiber-reinforced polymer (FRP) composites. A three-dimensional finite element analysis
was conducted on single and multi-bolted connections to determine the failure process
and the ultimate load distribution among the fasteners, taking into consideration the bolt
hole contact problem in the FEM. They used the Tsai-Wu tensor polynomial failure

criterion which is applied to the laminate as a whole.
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Bursi and Jaspart (1997) collected a set of benchmark problems in finite element
modeling of bolted steel connections. The benchmark problems are modeled by finite
element and the results are compared with experimental results. This study presented
calibration of a finite element model for isolated bolted end-plate steel connection. They
also proposed an assemblage of three-dimensional beam finite element to model the
behavior of bolts.

Bursi and Jaspart (1998) studied the effect of the most important issues in finite
element modeling of the extended end-plate connections. These following issues were
studied: constitutive relationships, step size, number of integration points, kinematics
description, element types, discretization, modeling the bolts, and bolt prestressing. For
bolt modeling, they proposed a spin model composed of rigid beam elements (in the
bolt head plane) connected to the beam located in the bolt center.

Kukreti and Abolmaali (1998) presented an approach in formulating analytical
models to predict the moment rotation hysteresis behavior of top and seat angle
connections. Twelve experimental results were used to obtain the prediction equations
for the parameters defining the moment rotation hysteresis loops of top and seat angle
connections. The parameters considered were initial stiffness, ultimate moment
capacity, ultimate rotation, the transition moment, characteristic moment and rigidity
parameter. Test results were compared with the results obtained from the regression
analysis to show the acceptability of prediction equations. Four different moment
rotation hysteresis models: bilinear, elasto-plastic, Ramberg-Osgood, and modified

bilinear models were developed from the prediction equations.
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Wanzek and Gebbeken (1999) emphasized the importance of through-thickness
deformation in the analysis of steel end-plate connections by using three layers of
elements through the thickness of the end plate. The effects of friction and slip on the
response of connections were also considered.

Bahaari and Sherbourne (2000) investigated nonlinear behavior of bolted
connections considering plasticity of the material and changes in the contact area. They
presented three-dimensional spar elements to model the bolt shank which were provided
to find both the magnitude and distribution of the bolt force within the section. A325
slip critical bolts were used to assemble the connections. Pre-stressing of the bolt shanks
was introduced by means of equivalent initial strain. It was shown that preloading was
advantageous in improving connection stiffness and in maintaining relatively constant
bolt stresses until yield occurred.

Hurrell (2000) has provided guidelines on the finite element modeling and
analysis of pressure vessel bolted joints. He has discussed different modeling issues in
bolted connections.

Schafer et al. (2000) have studied the effect of triaxiality and fracture in steel
connections. Triaxiality is defined as the ratio of the maximum principal stress to the
von Mises stress. They have shown that the triaxiality demands indicate that the fracture
of those connections may be governed even when high toughness parent and weld
metals are used.

Yang et al. (2000) studied the effect of angle thickness of double angle

connections subjected to axial tensile loads, shear loads, and combined loads. The loads
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were increased monotonically and an elastic-perfectly plastic constitutive law was
utilized. The force-displacement curves for axial loading and the moment-rotation
curves for shear loading showed good correlation with those from the three-dimensional
finite element analysis (Yang, 1997). They concluded that the thickness of the angles
had a huge influence on the response of the connection. The initial stiffness increased
significantly as the angle thickness increased. The final portions of the curves were
almost parallel, but the level of the load or moment increased greatly as the thickness of
the angles was increased.

Aref and Guo (2001) addressed the formulation and application of a finite
element based large increment method for solving nonlinear structural problems.

Chung and Ip (2001) investigated the structural behavior of cold formed steel
bolted connections using the finite element method. They have discussed about the
three distinctive failure modes as observed; bearing failure, shear-out failure and net-
section failure.

Harte and Cann (2001) used finite element analysis to determine the moment-
rotation behavior of the pultruded fiber-reinforced plastics beam-to-column
connections. The model included bolted assembly, prestress forces and contact surfaces.
They stated that the connection stiffness increases as the number of link elements
increases, and the rotational stiffness was within 3% of the experimentally obtained
values. Because of the plane elements used in the bolt model, web cleats could not be
considered. As a result, it was suggested that a three-dimensional model of the

connection be provided for both the flange and the web cleats.
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Kishi et al. (2001) used nonlinear finite element analysis to develop prediction
equations based on the power model (Richard and Abbott, 1975; Kishi and Chen, 1990)
for the top- and seat-angle connections. The power model contained three parameters:
initial connection stiffness, ultimate moment capacity, and shape parameter. All
components of the model were completely independent from each other as assemblages
in a real connection. Special attention was given to the bolts which were modeled with
eight-node solid elements and divided to consider the effect of shank, head and nut
elements on connection behavior. Bolt pretension load was 70% of minimum tensile
strength of the bolt obtained from test data.

Kishi et al. (2001) modeled four finite element analysis models to find out the
best estimated moment-rotation characteristics of top and seat angle with double web
angle connections. They included the shape of bolts accurately and defined contact
surfaces, too. To make the analysis more accurate, the prestressing was applied and then
the load was applied, similar to the way loads are applied in the field.

Mofid et al. (2001) presented an analytical model to determine the behavior of a
particular steel beam-to-column extended end-plate connection in the linear and
nonlinear regions. Extensive parametric studies were conducted and the results were
compared with nonlinear finite element models as well as with the experimental tests. It
was suggested that the initial stiffness of the connection is affected by plate thickness
and width, beam depth and the distance between centerline of the bolts. In addition, it
was also concluded that the yielding moment depends mainly on the plate thickness, the

distance between centerline bolts, the bolt area and the materials.
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Zadoks and Kokatam (2001) evaluated the axial stiffness of a bolt using a 3D FE
model. The model is loaded by pulling the nodes around the outside of the bolt head in
the axial direction while holding the bottom of the plate fixed. Quasistatic analysis
predicts a linear relationship between the reaction force and the axial stretch of the bolt,
indicating that the axial stiffness is constant. Dynamic analyses yield the same results if
the prescribed accelerations are limited, though the predicted stiffness values are lower
than those in the quasistatic analyses.

Citipitioglu et al. (2002) used parametric three-dimensional analysis of finite
element studies to predict the overall moment-rotation response of partially-restrained
bolted steel beam-to-column connections. It was shown that friction and slip in the
model along with the simplicity of changing mesh geometry had more effect on the
response of connections with higher moments and stiffer connecting elements. The
effect of pretension of the bolts in the model was shown to be relatively important,
which can vary the ultimate moment by 25 percent. Force-displacement curves were
generated in terms of each bolt size and varying total plate thicknesses. Finally, a
parametric study was conducted in order to investigate the effects of friction and
pretension of the bolts on the connection behavior.

Swanson et al. (2002) performed a finite element analysis of T-stubs and
compared the results with experimental results. They worked on two sets of models; a
3D T-stub model consisting of brick and wedge elements and several two-dimensional
T-stub flange models consisting of rectangular and triangular elements. In both models,

effects of material, geometric and contact nonlinearities were incorporated.
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Gantes and Lemonis (2003) investigated the influence of equivalent bolt length
in the finite element modeling of T-stub connections. They included material, geometric
and contact (with friction) nonlinearities. The numerical results are validated by
comparing them with the experimental results in the literature. They observed that if
bolt length is considered short, the displacements are underestimated (stiff connection)
while with longer bolt lengths, the displacements are overestimated and there are some
intermediate lengths that can give the same results as the experimental results.

Oldfield et al. (2003) worked on modeling of bolted joints under harmonic
loads. The equivalent Jenkins element and Bouc-Wen model for a bolted joint are
established by fitting the hysteresis loops produced by these simple models with those
of a detailed finite element model.

1.2.3 Damping Device

The image distortion of the CCTV camera, which is caused by the pole vibration,
is similar in nature to the traditional building vibration subjected to ground motion
acceleration. In this analogy, the vibration experienced by the camera is similar to that
experienced by a building during an earthquake or other vibratory forces.

The research for passive and active damping systems has gained significant
popularity during the recent era. Particularly, since the Northridge and other major
earthquakes, the passive control systems were designed to dissipate vibrational energy
by absorbing part of the input energy, which reduces structural damage (Hounser et al.,
1997). The passive control systems such as seismic isolations are not capable of

adjusting to the unexpected external loads or usage patterns. The active control system,
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on the other hand, is capable of adapting to different loading conditions and to control
actuators as a function of response of the system measured with physical sensors.

Both passive and active isolators have been implemented in several buildings
throughout the United States and the world (Yang, 2001). Some examples of passive
system implementations are Los Angles City Hall (Youssef et al., 1995) and Salt Lake
City and County Building (Mayes et al., 1988), and the most popular active system
building implementation is in the building by Kajima Corporation (Yang, 2001).

Comprehensive research studies have been conducted in recent years for both
active and passive systems. This includes and is not limited to device development,
device implementation, device effectiveness, and advanced ductile building connection
design. Also, research studies have been conducted on the effectiveness of each
damping system into the structures and massive single degree of freedom pole system
subjected to vibratory forces. The literature in research for active systems is extensive
and the following are at the forefront: robust control (Dyke et al., 1995; Jabbari et al.,
1995; Magana and Rodellar, 1998; Spencer et al., 1994; Suhardjo, 1990; and Yoshida et
al., 1998), DUOX (Ohrui et al., 1994); and another type of hybrid mass damper system
in which small active mass dampers are mounted on a passive tuned mass damper.
Reinhorn and Riley (1994) with a sliding hybrid isolation system, Yang and Spencer
(1997), Battaini et al. (1998), Spencer and Soong (1999), Dyke et al. (1996a,b, 1998);
Jansen and Dyke (2000); Johnson et al. (2001); Ramallo et al. (2001); Spencer et al.

(2000); Yi and Dyke (2000); Yoshioka et al. (2002), Symans et al. (1994), Symans and
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Constantinou (1999), Kurata et al. (1999, 2000), Patten (1999), Akbay and Aktan (1990,
1991, 1995), Dodwell and Cherry (1994), Feng et al. (1993), and Inaudi (1997).

The most comprehensive sections of the prior studies for the passive system are
reported by Soong and Dargush (1997), and Soong and Spencer (2002).

1.3 Goals and Obijectives

The main objective of this research is to stabilize the image distortion
experienced by the CCTV cameras installed at different pole heights, typically used by
TxDOT.

To accomplish this objective, two different stabilizing devices have been
developed, which are a mechanical device and an electrical device. In addition, these
two devices have been integrated to produce a combined algorithm. The development of
both devices requires an in-depth understanding and evaluation of the natural vibration
frequency of the typical poles. Thus, a continuum finite element model (FEM) of the
pole was developed and verified by the full-scale experimental tests conducted in
TxDOT Project 0-4470, Development of Standard CCTV Camera Structures. Also, the
frequencies obtained from the FEM analyses were verified against those obtained by the
field instrumentation of several TXDOT poles subjected to free vibration. The natural
frequencies of the poles are identified by considering the different combinations of their
geometric parameters.

A passive mechanical device was developed to reprieve the vibrational
frequencies greater than 1 Hz. Typically, severe image distortions are caused by a

pole’s frequency of 6 Hz or greater. The electrical device was consequently developed
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to eliminate the vibrations experienced by the camera for the 1 Hz frequency, which
was caused by light wind.

Both devices were tested in the laboratory for image stabilization by subjecting
the camera to a wide variety of vibration with different frequencies, known through the
aforementioned FEM analysis. Both the devices were calibrated and optimized through
this process. Also, the mechanical device was tested on the selected poles. Figure 1.10
shows a flow chart that summarizes the major activities which leads to the

accomplishment of the goals and objectives.
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Figure 1.10 Summary of the procedure to accomplish the goal of the study.

0\

24



CHAPTER 2

FINITE ELEMENT ANALYSIS

2.1 Introduction

A complete nonlinear three-dimensional (3-D) finite element model (FEM) of
the typical octagonal and circular tapered poles used by the Texas Department of
Transportation (TxDOT) were developed, which consisted of the pole and its
connection assembly. The connection assembly consisted of end plate, bolts, and
foundation. Particular attention was devoted to the modeling of the contact surfaces
between the bolt shank and the end plate; the bolt heads and the bolt nuts; and the bolt
nut and the foundation.

Both three-dimensional shell and solid elements were used to optimize the mesh.
In some of the trial models, shell elements for the pole and solid elements for the
connection assembly were used. The configuration of the element types used is shown
in Table 2.1.

Material, geometric, and contact nonlinearities were incorporated into the
analysis algorithm, which is based on the classical monotonic and cyclic plasticity. In
the geometric nonlinearity formulation, the large displacement is modeled based on the
Almansi (Eulerian) strain which yields to the Cauchy stress tensor from which the total
Lagrangian algorithm was employed. Also the contact nonlinearity was considered for

the contacting surfaces which yielded to a coupled iterative nonlinear problem.
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Table 2.1 Element types and corresponding element number.

Element Description D.O.F. Element shape
e
C3D4 Tetrahedral Elements 12 N\,
*— Io
.
C3D10 Tetrahedral Elements 30 ¢ R J
« o | ®
4
C3D6 Triangular Prisms 18 .
Elements . ‘ .
&
> Pt
. . | S [
C3aD12 Triangular Prisms 36 ‘ '. S
Elements ¢
L= [
. §
L]
C3D8 Hexahedral Elements 24 . | y
L ]
/o e
. ) @
C3D20 Hexahedral Elements 60 O f

All the classical convergence criteria were employed to check for the converged

solution, which includes P-, H-, P-H, and the energy based convergences.
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H-convergence is tested by increasing the number of degrees-of-freedom (DOF)
of the model as a result of decreasing the element sizes. In the P-convergence, higher
order polynomials are used in defining the assumed displacement function, which is
equivalent to use higher order elements. The P-H convergence employed both P- and H-
methods. Since convergence of the nonlinear problems is monotonically not guaranteed
(Razavi et al., 2006), energy-based convergence is more desirable, which thus was
adopted.

Also, the H-convergence for each model was tested by using the Hilbert L-2
norm, coupled with equating the external and the virtual work done to the internal strain
energy at each load increment in the Newton-Raphson marching scheme (Crisfield,
1997).

2.2 Development of Finite Element Model

2.2.1 Symmetric Modeling

Due to the symmetrical nature of the problem with respect to both load and
geometry, only one-half of the total poles were modeled (Figure 2.1). Thus, all the
nodes at the plane of symmetry were restrained from translation in the three-

dimensional space (i.e., local x, y, and z).
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Octagonal Circular

Plane of symmétry ,Plane of symmetry

Figure 2.1 Typical 3-D models of circular and octagonal poles.

2.2.2 Pretension Load
In the early finite element modeling of bolted connections in pretension, effects
in the bolts caused by the tightening of each bolt were simulated by applying

compressive forces equivalent to proof load (70% of bolt’s ultimate tensile strength) to
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the end plate at the location of bolt head and nut (Azizinamini, 1985; and Choi and
Chung, 1996). These compressive forces were equivalent to the bolt pretension force
(proof load) per AISC (1999). This type of bolt modeling has traditionally introduced
difficulties in monitoring the variation of the bolt forces during the analysis. Thus, in
this study the entire bolt shank, bolt head, and bolt nut was modeled with three-
dimensional solid elements. The effect of contact surfaces between the bolt head and
nut, and the bolt shank and end-plate wall was also included (Figure 2.2). The pre-
tensioning force was applied by using the pretension element in Abaqus in which an
arbitrary plane was passed through the bolt shank and a predetermined pretension force

was applied in the plane perpendicular to axial direction (Figure 2.3).

(@)

Figure 2.2 Bolt model used in analysis.
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applied the
pretension load

(b)

Figure 2.2 Bolt model used in analysis (continued).

Pretension loads

-—Pretension section

Figure 2.3 Pretension load and section.
During the pre-tensioning process, turning of the nut reduces the un-stretched

grip length of the bolt, thereby inducing pretension. When the desired pretension is
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achieved and the wrench is removed, the new un-stretched grip length becomes locked.
The pretension element used applies to the same procedure during the loading in the
same sequence: first, the specified pretension load is applied incrementally to capture
the contact effects, and possible nonlinearities induced by material yielding. At this
point in the analysis, the pretension section displacement is locked for the pre-tensioned
bolt. Once all bolts are pre-tensioned and locked, external load is applied incrementally
to capture nonlinearities due to material, geometry, and contact. Thus, the analysis is
based on non-propositional loading.

2.2.3 Contact Modeling

To avoid numerical penetration between the connecting surfaces, and to model
friction for transferring forces between the surfaces, the contact surfaces between the
bolt-to-plate and bolt head/shank-to-nut are considered, which introduce nonlinearity in
the analysis algorithm. A contact model with small sliding option was applied between
contact pair surfaces, one of which is defined as the master surface and the other as the
slave surface.

The surface-to-surface contact algorithm is employed to simulate the interaction
between contact surfaces of the bolt head, the shank, and the nut with the end plate and
bolt holes. In this algorithm, the contact surfaces are defined at the beginning of the
analysis. In this case, the top, bottom, and the inner bolt hole surfaces of the end plate
are defined as the master surfaces. The surfaces of the bolts which interact with the end
plate are thus defined as slave surfaces. General constitutive models for the contact

behavior are used in the simulation relating the constraint pressure and the shear
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traction to the penetration distance and the relative tangential motion. Mechanical
properties governing the behaviors of the contact surfaces are tangential behavior and
normal behavior. One case that can happen during the contact modeling is excessive
initial overclosures. If there are large overclosures in the initial configuration of the
model at a typical beginning step, as shown in Figure 2.4(a), the incremental iterative

procedure is required for converged contact solution, as shown in Figures 2.4(b) and

2.4(c).
e ] —t———
T t— JT:L— ]_T,_ +—— ] J=— surface 1
IIlT____lr'I-___—_—'I"‘II___‘-L _LT_‘I L_l_ -I_—lT_JJ'——_‘J._T
—r_ 1 4 ———t——1 17|« surface 2

o S P P 1, z'nzdl_—r:i}'_ surface 1
b= | -7
L L l_L_l___l___Jl'a._ surface 2

b) Middle of step

T T T T T 1

—T | | | |-=—— surface 1
\ \ ! T

T Il_--—'*--*l“_l __j=—— surface 2

¢) End of step

Figure 2.4 Contact interactions between two surfaces.

An adequate mesh density was required for regions undergoing plastic
deformations to allow contact stresses to be distributed in a smooth fashion. The friction

would be a dominant parameter of stiffness at the initial stage of loading. Surface-to-
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surface and flexible-to-flexible contact types were used in the FEM analysis algorithm
since contact between surfaces were deformable finite elements. A coefficient friction
of 0.2, which indicates the roughness of the surfaces, was used, as observed by Yorgun
et al. (2004).

The numerical value and contact parameters that were used for the interaction
between the end plate and the bolts is shown in Table 2.2.

Table 2.2 Contact property for the model.

Interaction location Tangential behavior Normal behavior
-Friction formulation : Penalty

End plate and Bolt Nuts -Pressure Over-closure: Hard contact
-Friction coefficient : 0.2

2.2.4 Material Model

In general, a complete plasticity theory has three components: (1) a yield
criterion that defines the combination of stress components in which initial yielding
occurs, (2) a flow rule that deals with the way plastic deformation occurs, and (3) a
hardening rule that predicts changes in the yield surface due to the plastic strain.

The material behavior for each pole, end plate, and bolt was described by the
bilinear stress-strain curves, the properties of which are defined in Table 2.3 and
Figure 2.5, having a modulus of elasticity of 29,000 ksi, yield stress of 50 ksi, and a
Poisson’s ratio of 0.29. The material was considered to be isotropic, which was chosen
with a plasticity-based isotropic hardening rule. These options are often preferred for
large strain analysis. The von Mises yield criterion was adopted in order to obtain the

response of the pole in the inelastic region. The initial slope of the curve was taken as
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the elastic modulus, E, of the material. After several trials to best calibrate the FEM
model with the experimental results obtained, the post yield stiffness identified as
tangent modulus, E; , was taken as 1% of the initial stiffness (E;= 0.01 E). Thus, a
bilinear stress-strain relationship for the material was used.

Table 2.3 Material properties for steel poles used in analysis.

Material Properties Pole %Agg()j plate ( E;;g)
Modulus of elasticity (E) 29 Msi 29 Msi
Yield stress (Fy) 50 ksi 84 ksi
Poisson’s ratio (v) 0.29 0.29
Tangential modulus (E;) 290 Ksi 290 Ksi
Effective?t
stress
Fu """""""""""""""""""""""" 1
E, :
Fy [----- 1
E
1
Ey ®u Effective

strain

Figure 2.5 Nonlinear stress-strain relationships.
The stress-strain relationship for the material was elastic-plastic strain
hardening. Material plasticity and the changes in the contact status area between the

contact surfaces along with large deformation are the causes for the nonlinear behavior
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of bolted connections. This means that the problem in hand refines a coupled nonlinear
incremental solution technique which was adopted during the solution process in this
study. The loads were applied gradually in increments to characterize actual load
history with multiple iterations per load step conducted. The bilinear isotropic
hardening option was used for describing the plastic behavior in which the von Mises
criterion is coupled with the isotropic work hardening. Large plastic deformations were
expected and observed, thus geometric nonlinearities were incorporated by adopting
large strain analysis that accounts for the changes resulting from the shape and
orientation of the elements. The large strain procedure places no theoretical limit on the
total deformation or strain experienced by an element, but requires incremental loading
to restrict strains from maintaining accuracy in the computations.

The Newton-Raphson procedure was employed for the nonlinear analysis,
where the load is divided into a series of load increments applied in several load steps.
The tangent modulus at the beginning of each load step was calculated, and it was
updated at each iteration with the load step. At the end of each iteration, the unbalanced
forces were calculated which was to solve the incremental system equilibrium equation.

A conceptual representation of this nonlinear iteration procedure is shown in Figure 2.6
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Figure 2.6 Newton-Raphson nonlinear schemes.
2.2.5 Yield Criteria

Several failure theories for yield criteria are discussed in mechanics of materials
textbooks (Chen and Han, 1988; Bathe, 1996; Crisfield, 1997; and Morozov, 2004). In
one-dimensional problem, yielding is identified with a comparison of just one stress
component with the yield strength. In multidimensional problems, a stress tensor is used
to identify the state of stress in a continuum subjected to deformation. This stress tensor
is decomposed into two parts: hydrostatic and deviatoric. Some materials are pressure
dependent, while some are pressure independent in which yield criteria do not depend
on the first stress invariant, and they are only defined in terms of the second deviatoric

stress invariant. Among the pressure independent criteria, one can name the maximum
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shear stress and the von Mises criterion, which is called octahedral shearing stress or the
maximum strain energy distortion. The von Mises criterion indicates that the yielding
happens when the octahedral shear stress reaches a critical value. The approach of the

von Mises yield criterion is as follows:

(51 _52)2 +(52 _53)2 +(53 _01)2 > ZGf, (2.1)

Ot = \/%[(01 _0'2)2 + (0'2 _0'3)2 +(O'3 _01)2] >0, (2.2)

Where o,,0,,and o, are the principal stresses (o, >0, >0,) and o, is the yield

y

stress of the material obtained from a uni-axial tensile test. Wheno . > o, the element

is said to have yielded. To consider the nonlinear behavior, it is convenient to convert
stresses to strains, since for the plate material, the stresses remain constant upon
yielding. The principal stresses are transferred to principal strains by the following

relationships:

o, =l -v)e, + ve, + ves ) (2.3)
o, =pive, + (L-V)e, +ve, ) (2.4)
o5 =nfve, +ve, + L—V)e, ) (2.5)

where v is the Poisson’s ratio and . is calculated using the following relationship:
n=E/ {1+v)d-2v)} (2.6)
and g, &, and &, are the principal strains (&, > ¢, > &,). Substituting Equations 2.3 to

2.5 into Equation 2.2 gives:

37



(01 _52)2 "‘((’2 _03)2 + (03 _51)2 ={i}2{(gl _82)2 "‘(82 _53)2 + (83 _81)2}5 2(5y)2 (2.7)

1+v

or

V2 {es -6, + (e, + 20 ) + (e, —81)2}% <e, (2.8)

2(1+v)
where ¢, is the yield strain of the material from a uni-axial tensile test. Taking v =0.5

for the plastic region, Equation 2.8 reduces to:

%{(51 —32)2 +(82 _83)2 +(83 _81)2}}é sey (2.9)

Therefore, the effective strain, e, in any element of the end plate is calculated in terms

of principal strains of the element, as follows:

Eett = %{(51 _‘92)2 + (‘92 _53)2 +(53 _81)2}% (2.10)

If & is found to be greater thane,, then the element is said to have yielded. Von Mises

yield criterion is based on this alternative. It has the simple form:
f(J,)=J,-k*=0 (2.11)

or, written in terms of principal stresses,
J 1[(0 o )2 (O o )2 (O % )2] k? (2 12)
2 6 1 2 2 3 3¥2 '

where f is a yield function and k is the yield stress in pure shear. When J, exceeds k*

yielding occurs.
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2.2.6 Geometric Nonlinearity

In order to take into account the possible geometric nonlinearity for a long
tapered hollow pole, the geometric nonlinearity feature provided by Abaqus (2006) was
adopted. The influence of modeling for with/without geometric nonlinearity algorithm
on the natural frequencies for a long tapered hollow pole is discussed in the subsequent
section of this study.

2.2.7 Numerical Analyses

Nonlinear dynamic analyses were performed using Abaqus (2006) software
for different cases defined in Chapter 3. The natural frequency of the poles and
corresponding mode shapes were obtained by using Lanczo’s Eigenvalue Extraction
Method (Abaqus 2006). The effect of the self weight was considered in the analysis,
and for the modeling, the initial stress and the load stiffness effects due to preloads and
initial conditions were taken into account. A convergence study was performed for a
typical pole case and with different mesh densities, as shown in Figure 2.7, in order to

obtain the optimum mesh density.
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q |

(a) Mesh size 1.25 in. (b) Mesh size 0.75 in.
(c) Meshsize 0.5in. (d) Mesh size 0.3125 in.

Figure 2.7 Different mesh densities for H-convergence study.
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(e) Mesh size 0.25 in. (f) Mesh size 0.2075 in.

Figure 2.7 Different mesh densities for H-convergence study (continued).

Typical mode shapes and corresponding natural frequencies of a typical pole are
shown in Figure 2.8 and Table 2.4, respectively. Also, Table 2.4 presents the effects of
the geometric nonlinear algorithm on the natural frequency of the pole, which shows
that the frequencies obtained with and without the geometric nonlinearity are almost

identical as expected, since eigenvalue extraction was employed.
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Mode 1 Mode 2 Mode 3
f=0.872 Hz f=5.264 Hz f=14.873 Hz

Figure 2.8 Typical mode shapes.

Table 2.4 The first three natural frequencies for the long tapered hollow steel
pole with/without geometric nonlinearity (Hz).

Modeling with geometric Modeling without
nonlinearity geometric nonlinearity
Mode 1 0.872 0.884
Mode 2 5.264 5.274
Mode 3 14.873 14.883

Furthermore, it will be shown that the bolt model with corresponding pretension
forces affect the first three natural frequencies significantly. Also, the modeling pole’s
connection assembly which introduces the effect of the connection semi-rigidity into the
system, causes a less stiff system with lower natural frequencies as compared to those

obtained from the pole’s model with fixed support.
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During the initial analysis step, the pretension load, contact interactions, and
boundary conditions of the model are applied to introduce the initial condition in the
system for the subsequent frequency analysis. In the second step, the eigenvalue
extraction is performed to calculate the natural frequencies and the corresponding mode
shape of the model. The procedure for natural frequency extraction is a linear
perturbation procedure. It includes initial stress and load stiffness effects due to the
pretension load and initial boundary conditions (Abaqus, 2006).

2.3 Model Verification

The finite element model was initially verified by the comparison to the
experimental result from TxDOT Project 0-4470, which is shown in Figure 2.9 for the
load versus deflection. Figure 2.10 shows the P- convergence study, in which the
numbers of elements are increased until the effect of change in the mesh density has

little or no impact on the load-deflection plots.

Deflection (cm)

0 20 40 60 80
600 : w ‘ ‘
L -
7 + 2000
__ 400 T
= 2
\"; s T Cantilever Method =]
4 o
3 ! FEM w/o Bolt 1 000 3
— — FEM
Bxperimental
0 \ 0
0 10 20 30 40

Deflection (in.)

Figure 2.9 Model verification.
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Convergence Study of a Typical 60 ft Circular Steel Pole
Displacement (cm)
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Figure 2.10 Convergence study for obtaining the optimum mesh density.

To further verify the FEM analysis, a field study was conducted in which an
actual 60 ft pole located at 1-35W/Rosedale St. in Fort Worth was instrumented and
excited from which the acceleration data were collected. The photographs of

instrumentation and test setup are shown in Figure 2.11.
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Figure 2.11 Test setup and accelerometers used in the experiments.

Spectral power analyses were conducted and the natural frequency of the pole

was obtained and compared with the FEM results. Figure 2.12 shows this comparison.
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Figure 2.12 Comparison between field testing and FEM results.

Finally, the values of frequencies obtained from the FEM were compared with
the classical solution with fixed support (classical solution does not exist for a pole with
flexible connection). Figure 2.13 shows that the FEM accurately predicts the

frequencies of an eigenvector for the first, the second, and the third modes.
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Figure 2.13 Comparison of the mode shape obtained from the finite element model
analysis in this study and the theoretical solution (Jacobsen-Ayre) for a typical pole
with fixed support.

2.4 Eigen Solution and Mode Shapes

Abaqus/Standard provides three eigenvalue extraction methods:
e Lanczos,

o Automatic multi-level substructuring (AMS), an add-on analysis capability for
Abaqus/Standard, and
e Subspace iteration.
2.4.1 Lanczos Eigensolver
For the Lanczos method, the maximum frequency of interest, or the number of
eigenvalues required; Abaqus/Standard will determine a suitable block size (although
you can override this choice, if needed). If the maximum frequency of interest, the

number of eigenvalues required, and the actual number of eigenvalues are
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underestimated, Abaqus/Standard will issue a corresponding warning message; the
remaining eigenmodes can be found by restarting the frequency extraction. If the
parallel Lanczos eigensolver is used (i.e., the number of frequency intervals is set to
greater than one), both the upper and lower frequency boundaries must also be
provided. The minimum frequencies of interest must be specified; Abaqus/Standard will
extract eigenvalues until either the requested number of eigenvalues has been extracted
in the given range or all the frequencies in the given range have been extracted. If the
parallel Lanczos eigenvalue extraction method is invoked, the minimum and maximum
frequencies of interest must be specified. As a result, the Lanczos eigensolver option
was used for the pole natural frequencies analysis.

2.4.2 Automatic Multilevel Substructuring (AMS) Eigensolver

For the AMS method, the maximum frequency of interest (the global frequency)
is needed, and Abaqus/Standard will extract all the modes up to this frequency. The
minimum frequencies of interest and/or the number of requested modes must also be
specified. However, specifying these values will not affect the number of modes
extracted by the eigensolver; it will only affect the number of modes that are stored for
output or for a subsequent model analysis.

2.4.3 Subspace Iteration Method

For the subspace iteration procedure, the number of eigenvalues required should
be given; Abaqus/Standard chooses a suitable number of vectors for the iteration. If the
subspace iteration technique is requested, the maximum frequency of interest is needed,;

Abaqus/Standard extracts eigenvalues until either the requested number of eigenvalues
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has been extracted, or the last frequency extracted exceeds the maximum frequency of
interest.
The eigenvalue problem for the natural frequencies of an un-damped finite
element model is:
(~o*M"™ + K"™)p" =0
Where MMV is the mass matrix (which is symmetric and positive definite),
KMN is the stiffness matrix (which includes initial stiffness effects if the base

state includes the effects of nonlinear geometry),

¢" is the eigenvector (the mode of vibration), and

M and N are degrees of freedom.
When KMV is positive definite, all eigenvalues are positive. Rigid body modes

and instabilities cause K" to be indefinite. Rigid body modes produce zero eigenvalues.
Instabilities produce negative eigenvalues and occur when you include initial stress
effects. Abaqus/Standard solves the eigen frequency problem only for symmetric

matrices.
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CHAPTER 3

PARAMETRIC STUDY

3.1 Introduction

The verified and converged finite element model developed in Chapter 2 was
used to conduct a parametric study for poles with different combinations of the
geometric parameters used by the Texas Department of Transportation (TXxDOT) as
reported by Jung et al. (2006) and Jung (2005).

The dependent variables consisted of the first, the second and the third modes of
frequency, and the independent variables were defined as the pole geometric variables
(pole length, plate thickness, thickness at the top of pole, thickness at the bottom of
pole, diameter of bolt, diameter of pole at the bottom, diameter of pole at the top,
clearance distance, diameter of the bolt circle, plate dimension, and pretension load).
Prediction equations for dependent variable (frequency) versus independent variable
(geometry) were developed for both circular and octagonal tapered poles. A sensitivity
study on the validity of the equations was conducted by varying the independent
variables one at a time, from low-to-intermediate-to-high values while keeping other
independent variables at their intermediate values. This provided information with
regard to the effect of each independent variable on the dependent variables.

Finally, the values of predicted dependent variables were compared with the

FEM analysis for additional prediction equation verification.
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3.2 Selection of Test Cases

The 80 test cases for circular and octagonal poles selected by Jung (2005) and
Jung et al. (2006) which were identified in TXDOT Project 0-4470 were used as the
basis for the selection of parametric study cases. The definitions of the independent

variables are:

o | = pole length

o 1 = plate thickness

o toole-top = thickness at the top of pole

®  toole-btm = thickness at the bottom of pole
e = diameter of bolt

e  dom = diameter of pole at the bottom
o digp = diameter of pole at the top

e Cg = clearance distance

e b = diameter of the bolt circle

* g = plate dimension

e Fp = pretension load

o Fy = yield stress

e E = elastic modulus

The definitions of the dependent variables are: the natural frequency of the first,

second, and the third mode.
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The following procedure was adopted to select the test matrix:

1) Pole height (I) was varied from 30 ft to 60 ft based on the practical design.
Generally, less than a 30 ft high pole is installed by a direct burial. The height
was increased by 5 ft.

2) Plate thickness (tp) was varied from 0.5 in. to 1.75 in.

3) The pole thickness at the top (tpole-top) and the bottom (tpole-nim) OF the pole was
varied from 0.1 in. to 0.5 in.

4) Bolt diameter (d,) sizes were adopted from the LRFD codes (AISC, 1999)
which were varied between 0.75 in. and 2 in.

5) The pole’s bottom and top diameters (dym and dwp) Were varied from 7 in. to
18 in., and 4 in. to 10 in., respectively.

6) Installation gap was used to give adequate space for leveling. This gap was
selected to be greater than or equal to the nut thickness due to the double nut
configuration.

7) The tensile strength for steel (Fy) was limited to F, < 65ksi.

8) The edge distance between the center of the bolt hole on the end plate to the
edge of the end plate was selected to be 1.5 dy per AISC LRFD, as shown in

Figure 3.1, to avoid the end-plate rupture.
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* o © | — bolt circle (b)
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plate dimension (pad) _

Figure 3.1 Pole end plate.
9) The bolt minimum of bolt pretension load depends on the bolt diameter (AISC,

1999), which is shown in Table 3.1.

Table 3.1 Pretension load is used.

Bolt Diameter (in) 0.5 0.75 1 1.25 1.5 1.75 2

Pretension Load (kips) 12 28 51 71 103 152 198

Table 3.2 shows the selected test case based on the aforementioned variation of

variables for circular steel poles.
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Table 3.2 Independent parameters used for circular steel poles.

Test | tp tpole—top tpole—btm dp dptm dtop Cyg Fy be Pd Fo
Case| ft in. in. in. in. in. in. in. ksi in. in. kips
1 40 1 0.2 0.3 1.25 11 7 3 50 155 14 71
2 40 1 0.3 0.2 1.5 12 6 3.75 50 17 17 103
3 40 125 | 0.2 0.2 1.25 11 6 35 50 16 15 71
4 40 125 | 02 | 025 | 15 14 8 35 50 19 18 103
5 40 15 02 | 025 | 175 12 6 3.75 50 18 18 152
6 40 15 | 025 | 025 | 15 16 9 3.25 50 22 20 103
7 40 15 | 025 | 0.3 1.25 12 7 2.75 50 16.5 16 71
8 45 1 02 | 025 | 1.25 12 5 3 50 165 | 145 71
9 45 1 025 ] 025 | 15 12 5 3.25 50 17 175 | 103
10 45 1 0.3 0.3 1.5 12 5 3.5 50 17 19 103
11 45 125 | 0.2 0.2 1.25 11 4 2.75 50 16 16 71
12 45 125 | 0.2 0.3 1.5 12 6 3.5 50 17 17 103
13 45 125 | 0.3 0.2 1.25 11 8 3 50 155 | 145 71
14 45 15 0.2 0.2 1.25 11 8 3 50 155 15 71
15 45 15 0.3 0.3 1.75 13 8 4 50 19 18 152
16 45 15 0.3 04 | 1.25 11 6 3.75 50 16 14 71
17 45 175 | 0.2 0.2 1.5 14 7 3.5 50 19 17 103
18 50 1 02 | 025 | 15 14 7 3.5 50 19 175 | 103
19 50 125 | 0.15 | 0.2 1.5 12 7 3.25 50 17 15 103
20 50 125 | 0.2 0.2 1.25 11 6 35 50 15.5 15 71
21 50 125 | 0.3 0.4 1 11 6 3 50 15 14 51
22 50 15 | 025 | 0.25 2 18 9 4.25 50 26 26 198
23 50 15 0.3 0.3 2 18 10 4.5 50 26 26 198
24 50 175 | 0.3 0.3 1 7 5 3 50 105 | 95 51
25 50 175 | 0.3 0.2 1.75 14 7 4 50 20 18 152
26 55 125 | 0.3 0.2 1.25 11 5 3 50 155 14 71
27 55 15 0.2 0.2 15 12 8 35 50 17 16 103
28 55 175 | 0.25 | 0.25 2 15 9 4.5 50 22 21 198
29 60 125 | 02 | 025 | 15 16 9 3.25 50 22 195 | 103
30 60 15 0.2 0.3 1 7 5 3.5 50 105 | 105 51
31 60 15 0.3 0.3 1.75 14 8 3.5 50 20 18 152
32 60 175 | 025 | 025 | 15 16 8 35 50 22 19 103
33 60 175 | 0.3 0.3 1.5 12 8 3.5 50 17 155 | 103
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Table 3.2 Independent parameters used for circular steel poles
(continued).

Test I tp tpole-top tpole-btm dp dptm dtop Cq Fy be Pd Fo
Case| ft in. in. in. in. in. in. in. ksi in. in. Kips
34 | 60 | 1.75| 03 | 03 | 1.75 | 16 8 35 | 50 | 23 21 | 152
35 | 60 | 075| 05 | 05 | 05 | 16 9 |[325| 50 | 22 | 195 | 12
36 | 60 | 075| 05 | 05 | 05 | 16 9 | 325 | 50 | 22 | 195 | 12
37 || 60 | 075| 05 | 05 | 0.75 | 16 9 |[325| 50 | 22 | 195 | 28
38 | 60 | 075 | 05 | 05 1 16 9 | 325| 50 22 | 195 | 51
39 | 60 | 075 | 05 | 05 | 1.25 | 16 9 | 325| 50 22 | 195 | 71
40 | 60 | 05 | 05 | 05 | 0.75 | 16 9 |[325| 50 | 22 | 195 | 28
41 | 60 | 075 | 05 | 05 | 0.75 | 16 9 | 325 50 22 | 195 | 28
42 | 60 1 05 | 05 | 0.75 | 16 9 |[325| 50 | 22 | 195 | 28
43 | 60 | 125 | 05 | 05 | 0.75 | 16 9 | 325 50 22 | 195 | 28
44 | 60 | 075 | 025 | 0.25 | 0.75 | 16 9 | 325 | 50 22 | 195 | 28
45 | 60 | 075 | 05 | 05 | 0.75 | 16 9 | 325| 50 22 | 195 | 28
46 | 60 | 075 | 0.75 | 0.75 | 0.75 | 16 9 | 325| 50 22 | 195 | 28

Table 3.3 shows the selected test case based on the aforementioned variation of

variables for octagonal steel poles.

Table 3.3 Independent parameters used for octagonal steel poles.

Test | tp toole-top | Tpole-btm dp dbtm dtop Cq Fy be Pad Fp

Case| ft in. in. in. in. in. in. in. ksi in. in. Kips
1 40 1 0.2 0.3 1.25 11 7 3 50 15.5 14 71
2 40 1 0.3 0.2 1.5 12 6 3.75 50 17 17 103
3 40 1.25 0.2 0.2 1.25 11 6 3.5 50 16 15 71
4 40 1.25 0.2 0.25 1.5 14 8 35 50 19 18 103
5 40 1.5 0.2 0.25 1.75 12 6 3.75 50 18 18 152
6 40 1.5 0.25 0.25 1.5 16 9 3.25 50 22 20 103
7 40 15 0.25 0.3 1.25 12 7 2.75 50 16.5 16 71
8 45 1 0.2 0.25 1.25 12 5 3 50 16.5 | 145 71
9 45 1 0.25 0.25 1.5 12 5 3.25 50 17 175 | 103
10 45 1 0.3 0.3 1.5 12 5 3.5 50 17 19 103
11 45 1.25 0.2 0.2 1.25 11 4 2.75 50 16 16 71
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Table 3.3 Independent parameters used for octagonal steel poles

(continued).

Test | tp toole-top tole-btm dp dbtm dtop Cq Fy be Pad Fo
Case | ft in. in. in. in. in. in. in. | ksi| in. in. Kips
12 45| 1.25 0.2 0.3 1.5 12 6 35 |50 | 17 17 103
13 |45 | 1.25 0.3 0.2 125 | 11 8 3 50| 1565 | 145 | 71
14 (45| 15 0.2 0.2 125 | 11 8 3 50 | 1565 | 15 71
15 (45| 15 0.3 0.3 1.75 | 13 8 4 50 | 19 18 152
16 (45| 15 0.3 0.4 125 | 11 6 | 3.75 |50 | 16 14 71
17 45| 1.75 0.2 0.2 1.5 14 7 35 |50 | 19 17 103
18 |50 1 0.2 0.25 15 14 7 35 |50 | 19 | 175 | 103
19 |50 | 1.25 0.15 0.2 1.5 12 7 | 325 |50 17 15 103
20 |50 | 1.25 0.2 0.2 125 | 11 6 35 | 50| 155 | 15 71
21 |50 | 1.25 0.3 0.4 1 11 6 3 50| 15 14 51
22 |[50] 15 0.25 0.25 2 18 9 | 425 |50 | 26 26 198
23 50| 15 0.3 0.3 2 18 10 | 45 | 50| 26 26 198
24 |50 | 1.75 0.3 0.3 1 7 5 3 S50 | 105 | 95 51
25 |50 | 1.75 0.3 0.2 175 | 14 7 4 50| 20 18 152
26 |55 ] 1.25 0.3 0.2 125 | 11 5 3 50 | 155 | 14 71
27 |[55] 15 0.2 0.2 1.5 12 8 35 [ 50| 17 16 103
28 |55 ] 1.75 0.25 0.25 2 15 9 45 |50 | 22 21 198
29 |60 | 1.25 0.2 0.25 1.5 16 9 | 325 |50 | 22 | 195 | 103
30 |60] 15 0.2 0.3 1 7 5 35 |50 | 105 | 105 | 51
31 ||[60] 15 0.3 0.3 175 | 14 8 35 [50| 20 18 152
32 ||60] 175 0.25 0.25 15 16 8 35 |50 | 22 19 103
33 [|60] 175 0.3 0.3 15 12 8 35 |50 | 17 | 155 | 103
34 |60 | 175 0.3 0.3 175 | 16 8 35 [ 50| 23 21 152

3.3 Development of the Frequency Equations

3.3.1 Basis of Regression Analysis

In statistics, regression equations are developed from sample data collected

from numerous experiments conducted, to determine the values of the dependent

parameters for predetermined values of independent parameters. However, the finite
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element analysis is not a physical experiment in the true sense; it is an analytical
process for experiments. This is because the results for each case are completely
deterministic and reproducible.

To perform the regression analysis, it is common procedure to represent the
response of the dependent parameter as a function of the independent parameters. In the
parametric study, the three parameters of the pole are the response measured as
functions of the independent parameters. These independent parameters for the 46 and
34 cases selected, as described in Tables 3.2 and 3.3, were the input data to the
computer program, Abaqus, which eventually were solved for the natural frequencies.
Thus, the objective of the regression analysis was to develop equations for the
parameters defining natural frequencies of the pole as functions of geometric
parameters of the pole. For example, the following would be the form of the equation

which is a function of certain parameters:

f=f(,t,,t e top tootebtm+ Ao A+ Aigp s 1 B s Py ) (3.1)
Determination of the function fy is discussed in general terms as follows. Let

X =F (X, X5, X, X)) (3.2)

be a function of n independent parameters, intended to fit data collected from a study. A

linear (or summation) regression model for the function is written as

X=Cy+C X, +C, X, +C, X, + ., +C, X, +C,X X,
+C XX+ +C X X+ C e X XX+,
+Coa o KXo X g X,) (3.3)
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These techniques yield information on the relative significance of not only the main

parameters X, X,,..., X, but also the interactions between the same parameters

XX, X0 (XX, X)) . However, in most practical problems, such as the one

studied, many of the higher-order interactions may be eliminated on the basis of
physical and intuitive considerations. Probable interactions must be included in the
model. The behavior of the pole seems to be a simple solution considering the
cantilever profile of the member, but there are many more parameters that can be
considered in an analytical study and regression analysis. For example, bolt diameter,
base diameter, base condition and connection, yield stress, plate thickness, and tapering
can be factors contributing to the outcome. This possibility makes this type of an
analytical study and regression analysis a complex and interesting study, but does not
facilitate the complete defining of all the interactions.
If a linear regression model is not found satisfactory, an alternative method is

the product regression model of the form:

X=CyX, "X, .. X, (3.4)

This nonlinear regression method was used in this project because of the complexity of

the interactions involved. This may be reduced to a linear regression model if the

logarithms are taken off from both sides as shown below:
Inx=InC,+C,InX, +C,InX, +...+C,In X, (3.5)

Denoting the logarithms of the various parameters by prime superscripts, Equation 3.5

becomes:
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X =C, +C,X, +C,X, +..+C X (3.6)
This is similar to the first group of terms in Equation 3.2. It should be noted that in
Equation 3.6, product terms of the form X,,X,,X,, etc., do not occur, so no
interactions are present.

in Equation 3.5

In this study, the coefficient Cjand the exponents C,,C,,...,C,
are determined by multiple regression analysis, so as to obtain the best least square fit to
the data. With this method, the best fit regression equation is taken as the one which

minimizes the sum of the squares of the deviations of the data points from the equation

fit to the data. To demonstrate the basic principles, say that the value of the dependent
variable predicted from the best fit equation is Xi' , for any particular set of

values, X, , X,; , X5, ,..., X ., while it is measured (or directly determined) that the value

ni !
isX, . Deviation of the predicted value from the measured value is given by:

Xi =X, =X —(Cy +C Xy +CoXy +..+C X, ) 3.7)

n*ni

The sum of the squares, S, for mnumber of data is given by:

s=> (% —xf (3.8)

i=1
The unknown coefficients CO',Cl,CZ,...,Cn are determined by minimizing the quality

S with respect to each coefficient; in other words, by setting it equal to zero, as shown

below.

B B B (3.9)
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This will result in (n+1) linear simultaneous equations from which the coefficients

C,.C,,C,,...,C, can be determined. To determine C,, the anti-logarithm of C/, must
be found.

A “goodness of fit” of the prediction equation is a comparison of S, the sum of
the squares, and the deviations for the constant term C,jabove. The constant term model
is:

s=c, (3.10)

and the sum of the squares of this model can be written as

Sy =3 (xi —x, f (3.11)

i=1

in which xo is the mean. The difference between S, and S is called as the “sum of

(So — S)

0

squares due to regression” and the ratio

is called as the “coefficient of multiple

determination,” R? which can also be written:

R? 21— (3.12)
SO

A value of R? =1 implies that S is zero and the regression prediction equation passes
through all the data points. A value of R? =0.90 means that 90 % of the sum of squares
of the deviations of the observed (or directly determined) xi values about their x0' can

be explained by the prediction equation obtained.
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In the parametric study conducted, all the cases considered had the independent
parameters inputted into the finite element computer program, Abaqus, and the output
was the response of the dependent parameters. Therefore, a rerun of the same case
would have the same quantitative response, thus, not providing any information

regarding the realistic variance in the response. The coefficient of multiple

determination R® was the unique criterion used to measure the accuracy of the
prediction equations to characterize the behavior of the typical pole.

3.3.2 Equations of Pole’s Natural Frequency

Three empirical equations are obtained for the first, second, and third mode
frequencies by conducting regression analyses. This is accomplished by multiplication
of the undetermined powers for all the geometric parameters. It simply implies that the
changes in these geometric parameters are independent to each other (independent
variables), thus, they are independent variables. The aforementioned empirical
equations for the first, second, and third frequency modes as well as the coefficients of
determination (R?) are presented in Equations 3.13 through 3.15 for the circular poles
and Equations 3.16 through 3.18 for the octagonal poles.

The prediction equations for circular poles are:

1% Mode: R?=0.987

14904 4 -0.1997

_ ~10.2439 -1.8914 0.1846 -0.3361 0.2278 0.1918
f o @lo2 | 18014 (01046 g OSL 0218 | Olels qLisod O

pole—top pole—btm

1 . p 0520 n0oTeT (3 13)

2" Mode: R?=0.983

112437 |-18289 400574 ;01552 400456 400783 4
b

. 0.6863 d 0.2483
p pole—top pole—btm

-0.1641 0.0258 0.0258
btm top Cq : bc " Py (314)

f=e
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3" Mode: R*=0.977

0.4497 d 0.3905

-0.1680 b 0.2009
btm top c

.Cd

11.9885 |-1.8084 40.0116 +-0.1063 0.0004 0.0399
f o glioms | L6084 400G 0063 yo000 005 g

pole—top pole—btm
The prediction equations for octagonal poles are:

1 Mode: R?=0.998

12842 4 -0.1966

_ A11.0081 -2.0086 0.1102 -0.2880 0.2325 0.1813
f o QiiOmeL | 20086 (01102 {02880 402525 (401813, 12842, .0

pole—top pole—btm

2" Mode: R?>=0.999

0.8855 d 0.1987

_ 4125319 -1.9854 0.0929 -0.1115 0.0368 0.1160
f = gl2ou0 | Losse (00029 g {00388 . (o0 qossss g0

. -0.0266 b-0.2609
p pole—top pole—btm c

.Cd

3" Mode: R?=0.997

0.7732 d 0.3149

_ A13.3695 -1.9520 0.0657 -0.0637 -0.0123 0.1170
f = Qi3S 19520 (0067 pO06T | (00123 | OLT0 0Tra2 O

pole—top * “pole—btm -Gy
By utilizing Equations 3.13 through 3.18, a sensitivity study was conducted for
46 circular pole cases and 34 octagonal pole cases to identify the effect of the total pole
assembly geometric variables on its first three natural frequencies. This was done by
varying one variable at a time, from its low-to-medium-to-high values while keeping
other variables at their intermediate values. The sensitivity plots identify the effect of
each independent variable (pole geometric variable) on the behavior of the dependent
variable (frequency). For example, a steep slope on such a graph indicates that the effect
of that independent variable is significant. On the other hand, if the effect of variation of
the independent variable is insignificant, the graph would have a flat slope.
For example, the effects of the pole’s length and the bottom diameter, with the

steepest slopes as shown in Figures 3.2 (a) and 3.2 (b), respectively, are the highest on

the natural frequency. On the other hand, the effect of the gap distance between the
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pole’s end plate and the concrete base is insignificant on the pole’s natural frequency, as
shown in Figures 3.2(c) and 3.2 (d).

Furthermore, study on the sensitivity of independent variables is shown in
Appendix C, which shows the effect of each independent variable on the pole’s
frequency for the first, second and third mode of the circular and octagonal poles,
respectively.

The results of natural frequencies and deformation mode shape of the circular

and octagonal pole are shown in Appendices A and B, respectively.
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Figure 3.2 Sensitivity analyses for the first mode of octagonal pole.

64



Clearance Distant, cq (cm.) Plate Dimension, pq (cm.)

0 5 10 0 20 40 60
— 25 : : 25 _ 25 : : : 2.5
N N
= =
§ 27 2 > 2 A r2
g 1.51 Mg o T S, r15 é 154 o-o———000s0—s00—000—0—————° 15
5 5
T 14 Fl & 19 F1
7 Py
3 0.5 A 05 g 05+ 0.5
]
=
2 0 T T T T O 0 T T O
0 1 2 3 4 5 0 10 20 30
Clearance Distant, cq (in.) Plate Dimension, pq (in.)
© (d)

Figure 3.2 Sensitivity analyses for the first mode of octagonal pole (continued).

3.4 Comparison between Predicted and Experimental Vibrational Frequencies

The developed equations (Equations 3.13 through 3.18) for the first, second, and
third frequency modes of the circular and octagonal poles were compared to those
obtained from the finite element analyses. Figure 3.3 shows a plot comparing the
predicted and FEM frequency results, which shows a close correlation. Table 3.4 and
Table 3.5 present the percentage error between the FEM and the predicted results for
the cases studied.

It should be noted that Figure 3.3 can be used as an envelope defining a range of
frequency values for the three vibrational modes (from 0.56 Hz to 33.68 Hz). The
information from Figure 3.3 was used to develop the mechanical device, which is

presented in Chapter 4.
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Figure 3.3 Comparison between predicted and FEM results.
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Table 3.4 Error comparisons between the predicted and the FEM results of

circular poles.
Case Mode 1 Mode 2 Mode 3

Predicted FEM Error Predicted FEM Error Predicted FEM Error

No. (Hz) (Hz) (%) (Hz) (Hz) (%) (Hz) (Hz) (%)
1 1.88 191 | -1.23 9.50 | 9.30 2.12 2512 | 24.42 2.80
2 1.69 1.78 | -5.19 882 | 9.19| -4.19 23.31| 2430 | -4.24
3 1.78 1.84 | -3.12 891 | 9.05| -1.57 23.27 | 2359 | -1.35
4 2.43 2.26 7.19 11.67 | 11.35 2.74 30.29 | 29.85 1.47
5 2.21 2.20 0.34 9.86 | 10.02 | -1.65 2490 | 25.46 | -2.27
6 2.64 2.56 2.86 13.11 | 12.83 2.17 34.40 | 33.68 2.11
7 2.13 2.08 2.30 10.18 | 10.12 0.53 26.36 | 26.31 0.19
8 1.72 1.69 1.77 746 | 7.29 2.27 18.76 | 18.34 2.29
9 1.61 1.64 | -1.50 7.23 | 7.27 | -0.58 18.32 | 18.39 | -0.35
10 1.56 1.60 | -2.48 700 | 7.14 | -2.04 17.75 | 18.12 | -2.06
11 1.61 1.58 2.20 6.75 | 6.69 0.90 16.72 | 16.60 0.69
12 1.80 1.80 0.03 790 | 791 | -0.09 19.95 | 19.97 | -0.08
13 1.23 1.25| -1.76 741 | 7.46 | -0.68 2055 | 20.60 | -0.27
14 1.45 1.44 1.17 798 | 7.89 1.05 2150 | 21.24 1.20
15 1.65 1.69 | -2.44 8.47 | 8.67 | -2.29 2236 | 2289 | -2.36
16 1.49 155 | -3.75 6.95| 7.21| -3.65 1785 | 1851 | -3.71
17 2.02 1.93 471 9.18 | 9.16 0.31 23.33 | 2352 | -0.84
18 1.57 1.56 0.77 741 | 7.18 3.10 19.16 | 18.44 3.73
19 1.45 1.41 2.92 7.03 | 6.74 424 18.28 | 17.40 4.82
20 1.19 1.20 | -0.96 591 | 5.90 0.16 15.44 | 15.37 0.46
21 1.21 1.24 | -2.63 576 | 5.81| -0.75 1495 | 1495 | -0.01
22 1.93 1.90 1.42 9.33| 9.10 2.43 24.25 | 23.57 2.81
23 1.84 1.83 0.38 9.30 | 9.15 1.66 2455 | 24.08 1.91
24 0.75 0.73 2.50 399 | 4.02| -0.66 1059 | 10.80 | -1.94
25 1.42 1.40 1.85 706 | 7.16 | -1.35 18.36 | 18.80 | -2.39
26 0.92 0.91 1.35 457 | 4.51 1.28 11.90 | 11.74 1.31
27 1.09 1.07 2.53 5.83 | 5.68 2.60 15.56 | 15.13 2.79
28 1.35 1.34 0.81 6.85 | 6.82 0.49 18.03 | 17.93 0.54
29 1.28 1.46 | -13.95 6.40 | 7.87 | -23.08 16.89 | 21.38 | -26.58
30 0.58 0.56 1.87 294 | 291 1.15 7.73 7.66 0.91
31 1.07 1.04 2.96 540 | 5.21 3.43 14.20 | 13.66 3.83
32 1.28 1.21 5.13 6.05| 5.78 4.45 15.62 | 14.91 4.54
33 0.91 0.88 3.28 480 | 4.72 1.72 12.76 | 12.57 1.48
34 1.26 1.21 4.39 6.01 | 5.76 4.26 15.55 | 14.85 4,53
35 0.81 0.79 2.07 510 | 5.12| -0.27 1458 | 14.57 0.05
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Table 3.4 Error comparisons between the predicted and the FEM results of
circular poles (continued).

Case Mode 1 Mode 2 Mode 3

Predicted FEM Error Predicted | FEM | Error Predicted FEM Error
No. (Hz) (Hz) (%) (Hz) (Hz) (%) (Hz) (Hz) (%)
36 0.88 0.87 0.51 527 | 5.26 0.10 1482 | 1487 | -0.37
37 0.93 095 | -2.30 539 | 541| -0.38 1499 | 15.08 | -0.59
38 0.97 1.01 | -4.74 548 | 555 | -1.28 15.12 | 15.28 | -1.05
39 0.81 0.72 | 11.02 5.15| 5.05 1.98 14.75 | 14.62 0.90
40 0.88 0.87 0.51 527 | 5.26 0.10 1482 | 1487 | -0.37
41 0.92 0.96 | -4.29 536 | 544 | -1.49 1487 | 15.09 | -1.48
42 0.96 1.04 | -7.96 543 | 5.60| -3.15 1491 | 1531 | -2.68
43 0.94 0.92 2.74 568 | 5.41 478 15.95 | 15.21 4.60
44 0.88 0.87 0.51 527 | 5.26 0.10 1482 | 1487 | -0.37
45 0.84 0.83 0.55 504 | 5.13| -1.88 1419 | 1456 | -2.58
46 0.81 0.74 8.55 4,88 | 4.59 5.99 13.77 | 12.99 5.66
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Table 3.5 Error comparisons between the predicted and the FEM results of

octagonal poles.
Case Mode 1 Mode 2 Mode 3

Predicted FEM Error Predicted | FEM | Error Predicted FEM Error
No. (Hz) (Hz) (%) (Hz) (Hz) (%) (Hz) (Hz) (%)
1 1.99 1.98 0.74 9.71 | 9.63 0.87 25.25 | 25.20 0.20
2 1.85 1.84 0.63 9.54 | 9.48 0.71 25.18 | 25.00 0.71
3 1.89 1.88 0.40 9.39 | 9.46 | -0.80 2437 | 2484 | -1.93
4 2.52 2.49 1.34 12.18 | 12.24 | -0.51 31.36 | 31.82| -1.46
5 2.32 239 | -2.94 10.50 | 10.72 | -2.09 26.56 | 27.06 | -1.88
6 2.69 2.66 1.16 13.48 | 13.26 1.64 34.70 | 32.48 6.39
7 2.16 2.15 0.22 10.52 | 10.46 0.64 26.97 | 27.13| -0.56
8 1.77 1.77 0.23 7.62 | 7.59 0.41 19.08 | 19.02 0.34
9 1.70 1.69 0.56 752 | 7.52 0.09 19.07 | 18.99 0.39
10 1.67 1.66 0.93 741 | 7.39 0.25 18.80 | 18.71 0.51
11 1.63 1.63 0.23 6.90 | 6.90 0.00 17.06 | 17.10| -0.27
12 1.86 1.86 0.18 8.21 | 8.17 0.46 20.73 | 20.60 0.66
13 1.27 1.29 | -1.32 761 | 7.71| -1.30 20.84 | 2124 | -1.94
14 1.46 1.48 | -1.23 8.10 | 8.12 | -0.31 21.64 | 21.83| -0.88
15 1.75 1.75 0.17 8.96 | 8.94 0.24 23.57 | 2358 | -0.04
16 1.58 1.59 | -0.39 740 | 7.40 0.01 18.93 | 19.00| -0.35
17 2.01 1.97 1.99 9.60 | 9.55 0.61 2449 | 2465 | -0.62
18 1.61 1.63 | -1.38 746 | 7.49 | -0.38 19.17 | 19.14 0.13
19 1.45 1.46 | -0.54 7.00 | 6.96 0.54 18.14 | 17.96 1.02
20 1.22 1.24 | -1.54 6.07 | 6.08| -0.11 15.89 | 15.83 0.43
21 1.24 1.27 | -2.55 587 | 595 | -1.38 15.09 | 15.33 | -1.57
22 1.98 1.98 0.33 9.48 | 9.43 0.58 24.36 | 24.32 0.15
23 1.92 1.91 0.49 9.54 | 9.50 0.43 24.83 | 2488 | -0.22
24 0.77 0.75 3.00 421 | 4.13 1.95 11.28 | 11.09 1.68
25 1.46 1.44 1.43 7.46 | 7.37 1.32 19.52 | 19.33 0.98
26 0.93 0.94 | -0.40 465 | 4.65 0.03 12.15| 12.10 0.40
27 1.09 1.10 | -0.94 584 | 5.85| -0.15 15.60 | 15.58 0.18
28 1.38 1.38 | -0.23 7.03| 7.03 0.00 18.50 | 18.47 0.21
29 1.25 1.19 4,59 6.07 | 5.96 1.89 15.76 | 15.66 0.62
30 0.59 0.58 1.13 3.01| 299 0.58 8.03 7.89 1.74
31 1.07 1.07 | -0.24 536 | 5.38| -0.39 14.06 | 14.09 | -0.21
32 1.24 1.25| -1.04 596 | 5.96 0.04 15.30 | 15.35| -0.32
33 0.91 0.91 | -0.08 484 | 4.86| -0.35 12.90 | 12.93| -0.28
34 1.24 1.25| -0.53 592 | 595 | -0.44 15.19 | 15.32| -0.84
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CHAPTER 4

DEVELOPMENT OF DEVICE

4.1 Introduction

This chapter describes the engineering analysis, development and testing of a
low-cost, biaxial mechanical vibration isolator specifically aimed at high-frequency
motion abatement in pole mounted camera applications and similarly conditioned
supports. The device works on the principle of force and displacement transmissibility
reduction via the use of a lightly damped sprung interface with a tuned natural
frequency. The isolator is inserted between the top of the structure (pole) and the seat of
the camera, and operates by rejecting undesirable high-frequency modal vibrations
experienced by the main support; this has the effect of diminishing high-acceleration
ground inputs which are principally responsible for image distortion. By design, the
isolator trades its high-frequency performance for a low-frequency heave, which does
not induce blur but causes limited horizon shift. This characteristic is complementary to
that of electronic image stabilization technology, whose performance suffers when
significant motion is present in the incoming video feed. For this reason, the proposed
mechanical solution is prescribed as an ancillary technique to image processing in
installations where high-frequency or displacement conditions prevail at the camera

support.
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4.2 Theoretical Isolator Design

The fundamental principle of a passive, sprung-mass isolator is to introduce
tuned amounts of energy storage (inertia, springs) and dissipation (damping) between
two mechanically connected bodies in order to reduce the transmission of high-
frequency forces and displacements at their interface. In practice, one of the bodies is
responsible for the undesirable high-energy “input” motions from which a second body
is to be isolated. A standard CCTV installation described above represents such a case,
where the dominant pole dynamics are directly transmitted to the camera through a
bolted flange. Figure 4.1 depicts the passive isolator principle that replaces a rigid

connection.

Xowr

m

QOO0 ¢

Figure 4.1 Passive mechanical isolation.

Our principal objective becomes to insert a mechanism at the seat of the camera
with engineered mass, spring, and damping values such that a minimum of pole
vibration (Xi,) is experienced by the camera (Xo,u.). However, a second and equally
important design constraint is imposed by the fact that once isolated, the sprung mass is

subject to wind loading which must evidently be taken into account. These two
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problems will be considered in turn. Absent disturbance forces acting on the sprung
mass, the figure of merit in isolator design is the transmissibility ratio (TR), which
describes the proportion of input displacement reproduced at the output. This figure
identically describes the transmitted force, and it is a function of the isolator dynamics
and the excitation frequency. Equations 4.1 (a) and 4.1 (b) concisely expresses this
relationship in terms of damping ratio { and the ratio of input frequency to sprung mass

natural frequency r:

R:\/ L) @12
@-r,)" +(24r,)

Where

ro =% On (4.1b)

[0
m sprung

The plot in Figure 4.2 (a) and Figure 4.2 (b) depicts the value of transmissibility
as a function of its two non-dimensional parameters ( and r,; the horizontal line of
100% transmissibility represents direct motion transfer (as if rigidly attached), and

values below represent isolation.
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Several characteristics are immediately apparent. First, the isolator is effective at
high input frequencies specifically above ratios to the sprung mass frequency of
approximately 1.4, to the right of which an isolation region is defined. Second, the
isolator actually amplifies, or at best directly transfers, input signals in the low-
frequency (non-isolation) region. Third, the damping ratio has a substantial influence in
isolation performance, particularly in the non-isolation region where a resonant input
frequency would cause theoretically infinite displacements at the sprung mass. Finally,
total isolation is approached asymptotically, but never actually achieved; this ideal state
is realized only in the trivial case of zero damping and spring forces; i.e., a perfect
bearing. As described in the previous section, the pole input dynamics have
superimposed vibratory displacements at discrete modal frequencies, with the highest
energy content typically found in the first and second modes (1-2 Hz and 5-10 Hz for
high-altitude poles). Taking 1 Hz as a worst case, an ideal isolator design appears at
hand by setting the natural sprung mass frequency as far below 0.7 Hz (1/1.4) as
practical. For example, given a set of bearings with { =0.1, an isolator with a resonant
frequency of 0.6 Hz would abate the first two modal displacements to 58% and 3% of
their input value. Conveniently, the isolator performs best where it matters most, since
image quality rapidly degrades in proportion to frequency. A relatively slow (one Hertz)
heave may be tolerable or easily stabilized electronically, whereas a five Hertz shake is
liable to render the image unusable.

The matter of fabricating a “0.6 Hz isolator” with a suitably low damping ratio

is, however, constrained by both equipment limitations and wind loading effects.
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Attaining a low isolator frequency requires a combination of soft springs and heavy
suspended mass within practical range. Frictional values affecting the damping ratio are
important to a lesser extent, and depend upon the design and quality of the bearings.
These and other design implementation matters are addressed in the following sections.

4.3 Practical Isolator Design

We first consider spring-mass selection. The weight of a typical camera plus
positioner unit used by TxDOT as of this writing (Cohu Manual, 2002), is about 28 Ib,
with newer models weighing half as much. Even with the heaviest equipment, the
sought-after 0.6 Hz isolator would require a spring with a stiffness as low as 0.7 Ib/in.
Though commercially available, the use of such light springs would be impractical for
two reasons. First, any amount of static (non-linear) friction present at the bearings
would easily overpower the weak centering force provided by such a spring, creating
stick-slip behavior and reducing the effective range of travel in the slide due to off-
center settling of the camera. Second, and most importantly, the spring alone would
react to wind load forces directly impinging on the camera; weak springs would result
in undue camera displacements which, in addition to unintended panning, would force
the isolator against its mechanical limits where its effectiveness is lost. Inevitably, wind
considerations alone demand that a sufficiently stiff spring be chosen first. In order to
obtain a working estimate of the aerodynamic force Fy acting on the camera, we use a

wind drag model (Munson et al., 1994) given by:

F, = %cd pAU® (4.2)
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In the above formula, p is the density of air, u is the design wind speed, A is the
maximum projected area, and Cgq is the drag coefficient. Cq4 is approximated as 0.9; this
is a working value between the theoretical drag of a flat plate and that of a cylinder
considering that the camera casing has smooth rounded edges. This estimate applies for
Reynolds numbers in excess of 100,000, which holds true for the wind loads and
characteristic lengths under consideration. The area A for the camera in our example
comes from its lateral (largest) projection, shown in Figure 4.3; its value is estimated

from CAD models as 0.74 ft°.

Figure 4.3 Side view of typical CCTV camera
for aerodynamic loading estimates.

A static force balanced against wind drag may be used to arrive at an
appropriate, first-order spring stiffness value; resonant gusts may occasionally occur,
but are not a prevailing condition and thus not a design consideration. In the equation
below, ymax represents the limiting sprung mass displacement.

kymax :Fd (43)
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The matter of selecting ymax raises the question of whether any amount of camera
motion would pan or otherwise degrade the image. It happens, as a fortunate artifice of
optics, that small transverse camera motions (axial or lateral) cause virtually
imperceptible shifts in image horizon in panoramic views. Laboratory and field tests
have shown that image quality is not compromised by camera displacements as high as
+1.5 inches albeit such motions do become increasingly noticeable as the image comes
under heavy magnification. For design purposes, the value of ymax is thus selected as
1.5 inches based on experimental knowledge. To complete the solution of Equations 4.2
and 4.3, we must finally select an arbitrary design wind speed where the isolator would
be at the limit of its functional range. A working value of 60 mph is offered based on
three considerations. First, this threshold is far in excess of the 10-14 mph Texas
average, as reported by  the National Climatic Data  Center

(www.ncdc.noaa.gov/oa/climate/online/ccd/avgwind.html) from records kept over

48 years. Second, it lies at the high end of the state average wind gust strength (40-60
mph, according to data collected by the National Institute of Standards and Technology
(www.itl.nist.gov/div898/winds/data/NISTTTU/wind_speed_data.txt)), given that we
have applied conservative area and drag coefficient models. Third, gusts exceeding this
value will only cause a momentary disturbance in the isolator performance, and
designing for the highest conceivable wind speed requires an impractically heavy
suspended mass. In light of these factors, we arrive at a spring rate of 4 Ib/in. for our

case study; the velocity square relation to displacement is shown in Figure 4.4. It is
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clear, in any case that a camera design with a low aerodynamic profile (e.g., dome
enclosure, no sun visor), is of interest in order to minimize its susceptibility to wind.

Isolator Displacement vs. Wind Speed {Cd= 0.9, k =4 Iblin)
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Figure 4.4 Wind speed vs. deflection characteristics for case study.

With a spring stiffness value established, we can now solve for the required
inertia of the sprung mass in order to achieve a 0.6 Hz isolation frequency. Using a
spring rate of 4 Ib/in. in Equations 4.1 (a) and (b), we find that we would need to add
approximately 100 Ib ballast to the camera.

4.4 Isolator Operational Envelopes

Going beyond the example provided above, we may solve Equations 4.1 (a) and
(b) through Equation 4.3 to produce a set of performance envelopes that generalize the
passive isolator design for pole-mounted cameras. Since there is a large set of
parameters which could feasibly be varied, we selected as input parameters the three

most important (and often conflicting) ones: transmissibility ratio, wind speed, and
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sprung mass. We held constant, using values from the previous example, the camera
aerodynamic properties (drag coefficient and characteristic length), slide damping ratio,
and maximum slide displacement. To generate the graphs, we used representative pole
frequencies of interest, which included the first and second modes for 50 ft (1.8 / 8.5
Hz) and 60 ft (0.9 / 4.7 Hz). Figure 4.5 below shows the relationship between wind
speed and sprung mass for varying pole frequencies, assuming a nominal
transmissibility of 50%. This plot shows the confluence high wind loads and low input
frequencies, both of which contribute nonlinearly and adversely to the need for heavy
sprung masses. As in subsequent graphs, we find that the lowest pole frequencies are
problematic for a passive isolator, while higher frequencies result in values that are both

reasonable and easy to implement.

Isolator Design Envelope (TR = 50%)
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Figure 4.5 Wind speed vs. sprung mass assuming 50%
transmissibility for different pole frequencies.

Figure 4.6 illustrates the equally critical and acute effect of low transmissibility

ratios, showing that even away from the worst frequency and wind loading scenarios
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(1.8 Hz and 60 mph), wholly impractical sprung mass values become necessary when
trying to reach high vibration isolation levels. This is an artifact of the asymptotic trend
toward complete isolation mentioned previously, and the result is that passive isolators
should not be used for transmissibility ratios below 10-15% due to a precipitous loss of

effectiveness.
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Figure 4.6 Wind speed vs. sprung mass assuming 1.8 Hz
pole frequency for different transmissibility ratios.
Figure 4.7 further illustrates the sensitivity of the passive isolator design to
transmissibility ratio and frequency. These graphs apply to the second and third lowest
vibration frequency cases; of note is the substantially lower sprung mass requirement

when the isolator is targeted at second mode rather than first mode vibratory modes for

81



the poles under consideration (the sprung mass axis scale has been kept the same to

accentuate this fact).

Isolator Design Envelope {ﬁ)p = 1.8 Hz)
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Figure 4.7 Transmissibility ratios vs. sprung mass assuming 1.8 Hz
pole frequency for different wind speeds.

While the below performance envelopes (Figure 4.8) make it clear that passive
isolation is best suited to abate high pole dynamics, the fundamental mode will always
be present and must be properly accounted for in isolators whose natural frequency
exceeds that of the fundamental mode. In such cases, the low-frequency component in
fact operates in the non-isolation region and is amplified. This compromise is
acceptable when other means are available to cope with low-frequency heave (e.g.,
electronic image stabilization). Isolators which exercise this compromise must verify

that the amplification of the low-frequency heave is kept within acceptable bounds
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(15-25%), by making sure that the fundamental frequency is sufficiently higher than the

isolator natural frequency to avoid resonance.

Isolator Design Envelope (mp = 4.7 Hz)
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