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1 Introduction

Highway light poles are installed not only along
secondary roads but also on urban freeways, where they
perform an essential safety function by providing consis-
tent illumination. At the same, their use in densely
populated areas imposes aesthetic requirements on their
appearance, giving greater importance to non-functional
factors such as shape and color. This tendency has
become increasingly pronounced with the growing pub-
lic insistence on quality of life, so that fight poles are
already considered a kind of “street furniture” in parks,

* Originally published in Kawasaki Steel Giho, 20(1938)4,
pp. 308-314
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Synopsis:

Basic vibrational characteristics of a light pole resulting

Srom wind vortex-induced osciflation have been studied

and an impact damper which has layered cells accommo-
dating steel balls has been developed. Steel ball movement
syachronizes with the oscillation of the pole and collides
against casing, and the damper reduces oscillation energy.
Based un the results of basic experiments with movement
of steel balls and impact force, impact dampers have been
manufactured and attached to the inside of the pole.
Vibration tests using a vibration machine and wind tunnel
tests have been executed. The results indicate that the
impact dampers are effective in reducing the Ist to 3rd
inplane and out-of-plane osciflations of the pole.

plazas, and other such public places. On the other hand,
light poles installed along freeways, where their visibility
necessitates consideration of aesthetic factors, suffer
severe oscillations as a result of wind and road surface
vibration caused by heavy traflic, a fact which also must
be given weight in their design.

This report discusses light poles for roads located
under the severe wind conditions which occur at river
crossings within harbors and across straits. The pheno-
menon of vibration due to Karman-vortex-induced
oscillation which these poles undergo in natural winds,
is clarified, and a simple but effective impact damper is
proposed. In order to investigate the effectiveness of the
damper, fundamental tests were conducted using a
vibration test machine. Tests were made to determine
the movements of the damping weights, and a wind
tunnel test was carried out using a full-size light pole.
These tests demonstrated the effectiveness of the
impact damper discussed below.

2 Vibration Tests on Light Pole
2.1 Outline of Tests

Vibration tests were conducted using a vibration test
machine to clarify the vibrational characteristics of light
poles, as well as the function and effectiveness of the
damper. An 8-m-high full-size lght pole with an octag-



onal cross section was installed on the vibration test
machine as shown in Fig. 1 and vibration was induced
with a sinusocidal wave. The dimensions of the test pole
are given in the drawing. [n these tests, basic vibrational
characteristics, i.e., frequency in the resonant state,
oscillation mode, elc., were first investigated. The effec-
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Fig. 1 Highway light pole with octagonal cross sec-
tion and outline of vibration test machine

tiveness of the newly developed damper was investigat-
ed and faciors necessary to obtain the optimum damp-
ing effect were considered.

2.2 Investigation into Basic Vibrational
Characteristics

As shown in Table 1, frequencies in the resonant
state were determined with accelerometers installed at
various points on the light pole by conducting a sweep
test in which frequencies were varied under the con-
stant force inducing vibration. Results of this test are
summarized in Table 2. The relationship given by the
following equation explains the phenomenon for the
Karman-vortex-induced oscillation:

where §: .18 (a Strouhal number assumed by refer-
ring Yamada's report’)

N: Frequency in resonant state

D: Typical diameter of pole

V. Wind velocity
As shown in Table 2, the approximate resonant wind
velocities for the light pole were determined by subsii-
tuting the Strouhal value (0.18) into Eq. (1). These
values were verified by the wind tunnel tests, which will
be described later.

2.3 Damper

There have been many studies made on the oscilla-
tion induced by the Karman vortex in tower-like struc-
tures. Methods of reducing this oscillation include (1)
obtaining a resonant wind velocity higher than the
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Table 2 Basic oscillation characteristics of oclagonal-cross-section light pole

Inplane oscillation mode Out-of-plane oscillation mode
fst 2nd ared Ist 2nd 3rd
— ’//‘ — -
PR =
/ | i
. . f] ' \ ]
Oscillation mode f | ! '
i
| ; '
! I
e TIITET LT
i
Frequeney in the 249 12.3 2.5 . 2.9 7.3 L 208
resonant state : - ' '
{(Ez}
Ro_esonant .
wind velocity 35 147 25.6 35 8.7 248
calculated o
(m/s)

design wind velocity by increasing the section stiffness
of the structure, (2) reducing the amplitude of vibration
by increasing the mass of the structure, (3) reducing the
response magnification by raising the damping coeffi-
cient of the structure, (4) lowering the vibration energy
by installing dampers to reduce the vortex-induced oscil-
lation force, and (5) controlling oscillation aerodynami-
cally by preventing the formation of the Karman vortex
or interrupting its cycle, which is accomplished by plac-
ing protrusions on the surface of a structure or chang-
ing its cross sectional shape. For the light poles dis-
cussed in this study, it is necessary to adopt a damping
method that can be applied to as wide a range of wind
velocities as possible. In addition, there are aesthetic
problems, adaptability to various designs and limitations
of installation space. In view of the foregoing, the damp-
ing method is considerad to provide the most realistic
solution. It was decided therefore to modify and apply
the type of impact damper alrcady proven effective with
industrial equipment. The impact damper developed is
shown in Fig. 2. Because it must be inseried in an elon-
gated light pole structure, the container is provided with
multi-layered cells and a steel ball or balls of appropriate
mass is inserted in each cell as a damping weight. The
steel balls move in synchronization with the oscillation
of the light pole and collide with the casing, reducing
the external force causing oscillation. To weaken the
oscillation energy due to the impact of the damping
weights, il 1s necessary to design the damper to obtain
the maximum impact force under given conditions. For
this purpose, the following must be considered:
(1) Optimum mass of damping weights.
(2) Size of and material used for damping weights.
(3) Clearance allowed for movement of damping
weights.
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Fig. 2

(4) Rigidity of the container, which affects the restitu-
tion coefthicient.

The following understanding has been obtained from
studies” ™ conducted to date on impact dampers:

(2) When a damping weight moves regularly in syn-
chronization with the oscillation of the structure,
the larger the clearance, the greater the damping
effect.

{(b) When the clearance is constant, the higher the mass
ratio of the structure to the damping weight, the
greater the damping effect,

{c) The larger the restitution coefficient of the surface
with which the damping weight collides, the greater
the damping effect.

The light pole discussed in this study, however, is an
elongated structure, as mentioned above, and the
impact damper must be instalied in a narrow space. The
number of degrees of freedom in the selection of pa-
rameters therefore is not always large and there are
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many restrictions. For this reason, tests were conducted
to clarify the basic vibrational characteristics of the
movement of the damping weight in order to determine
appropriate values for the design elements (1) to (4)
above.

2.4 Basic Characteristics of Damping Weight

In this study, the impact damper is generally installed
in a place where the amplitude is large in the basic
oscillation modes shown in Table 2. For aesthetic rea-
sons, however, the light pole cross section usually
decreases gradually from the bottom to the top, where
the light is fastened, limiting the space available for the
installation of the impact damper at the top of the pole
and thus the degree of amplitude possible. Based on a
consideration of the oscillation modes shown in Table 2
and the criteria for installation of the impact damper, it
was installed near the top of the pole for the first
inplane oscillation mode and the first and second out-of-
plane oscillation modes, and near the middle of the pole
for the second and third inplane oscillation modes and
the third out-of-plane oscillation mode. The cross sec-
tion near the top of the pole, which depends on the
height of the pole, is ofien no more than 100 to
150 mm in diameter. In addition, it is necessary {o pro-
vide space for power cables (o the lighting fixture at the
tip of the arm. The outer diameter of the impact dam-
per is therefore limited to about 50 to 70 mm.

The material for the damping weight should have a
large mass and a high restitution coefficient in order to
provide the maximum impact force within the limited
space described above. It was decided to use steel balls
based on considerations of workability and economy.
Steel balls of the type normally used as bearings were
adopted. To investigate the effect of the diameter of the
balls and the clearance on the impact force, the device
shown in Fig. 3 was developed. The impact force was
determined at natural frequencies in each oscillation
mode given in Table 2 using this device installed on an
impact test machine.

Impact forces should be expressed in the form of an
impulse by the time integration of oblained impact

Diameter of steel balls: 308 mme
Weight of steel ball: 0.54 ket
Finished surface: # 150

6.0 mm

<~ e d
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N
|

Load cell C2MI {10¢ kgf)

Fig. 3 Basic experiment set up for movement of steel
ball and measurement of impact force
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waveforms. However, since the duration of the time of
action of impact forces is very short (about 10 to 15 ms)
and the purpose is to determine approximate valyes of
impact force, maximum values obtained from the out-
puts of load cells were used without correction. The
results of mmpact force measurements at natural fre-
quencies of 2.8, 7.2 and 19.9 Hz are shown in Fig. 4.
The maximum measured impact forces are shown in
the figure, although tmpact forces vary considerably
depending on the conditions under which the steel ball
collides with the load cell. The surface of the steel ball
was plated with chromium and the container surface
with which the steel ball collides had mill scale. This
condition was used in anticipation of the deterioration
of the friction surface of the impact damper due to
corrosion during service. It was determined, however,
that impact forces changed little within the scope of this
experiment, even with the polished surface and slightly
corroded surface used. As is apparent from Fig. 4, the
steel ball normally moves in synchronization at the
natural frequency of 2.8 Hz for the first oscillation
mode. In principle, the larger the mass of the steel ball,
the larger the impact force will be, but under actual
conditions, the range of clearance which permits syn-
chronous movements is greater with a small steel ball.
The same applies to synchronous movements at a
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natural frequency of 7.2 Hz in the second out-of-plane
oscillation mode. The range of clearance which permits
synchronous movements is narrow, however, when the
external force causing oscillation is small, and becomes
very narrow, less than 3 mm, at 199 Hz, which corre-
sponds to the third out-of-plane oscillation mode. It is,
therefore desirable to use large steel balls and clearances
for the first oscillation mode and small ones for the lat-
ter oscillation modes.

It is necessary to select an effective impact damper on
the basis of these findings. In Table 2, the third oscilla-
tion mode, which occurs at resonant wind velocities of
about 25 mv/s, is regarded as a special case and is exclud-
ed. The first and second out-of-plane oscillation modes,
which are considered to occur at high frequencies, were
selecled as objects of damping. Based on a consideration
of space restrictions, the container for the damper was
made with a square cross section 60 mm to the side and
of a 2.3-mm-thick steel sheet. In addition, it was decid-
ed to use steel balls 50.8 mm in diameter in order Lo
obtain a high impact force with a small number of steel
balls because the effective space of the cell is 55.4 mm,
the mass of damping weights is generally about 1 to 3%
the mass of the vibrating body, and because the damper
should have a short length.

2.5 Damping Effect of Impact Damper

In order to investigate the damping effect of the
impact damper described above (container size 60 mm
x 60 mm x 2.3 mmy, steel ball 50.8 mm¢ and 0.539 kg,
clearance 4.6 mm), it was attached to the light pole
shown in Fig. | and the pole was fixed with four bolts
to the vibration test machine through a base plate using
the same procedure as with the vibration tests conduct-
ed to investigate basic vibrational characteristics. The
damper was instafled at the top of the light pole and the
number of damping weights was a maximum of 13
(mass ratio of the damping weights to the pole: about
2.8%). The effect of the mass ratio on damping was
mvestigated using various numbers of weights. Wind-
induced oscillation forces are imposed-forces distributed
in the direction of the height of the light pole, while
simple induced forces from the bottom end of the light
pole are generated by the vibration test machine. It is
not always possible, therefore, to accurately evaluate
vibration behavior under actual conditions. In addition,
oscillation forces induced in the resonant state are not
clear. Therefore, the vibration tests were conducted for
various forces causing oscillation for each natural fre-
quency. The damping effect was great at less than 5 gal
for the first inplane oscillation mode and at less than
20 gal for the second inplane oscillation mode. It was
also greal at less than 10 gal for the first out-of-plane
oscillation mode and at less than 25 gal for the second
out-of-plane oscillation mode.

Damping effects for these cases are shown in Fig. 5.
From this figure, the higher the mass ratio, the higher
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the damping ratio. Maximum effectiveness is obtained
with this damper at a mass ratio of about 2.1%. The
damping ratio is about 90% for the first out-of-planc
oscillation mode and 70-80% for the second out-of-
plane oscillation mode and the first inplane oscillation
mode. Normally, the damping effect in out-of-plane
oscillations is greater for the first oscillation mode than
for the second oscillation mode, while the damping
ratio for the first inplane oscillation mode is almost the
same as that for the second out-ofplane oscillation
mode. Because the arm with the light undergoes flexu-
ral vibration in the same plane to a grealer extent for
inplane oscillations than for out-of-plane oscillations, the
oscillation energy is large and damping is difTicult,
which seems to explain the above-mentioned difference
in the damping effect.

3 Wind Tunnel Tests

After the vibration tests, wind tunnel tests were con-
ducted 1o investigate the vibrational characleristics of
the light pole in wind and to verify the effect of the
damper selected based on the vibration test. The same
light pole used in the vibration tests was used. A large
wind tunnel with an exit cone size of {0 m x 3 m was
used because the size of the pole tested was close to
actual size.

3.1 Outline of Tests

The main items measured in the tests included:

(1) Vibrational characteristics of the light pole in wind,
i.e., displacement or acceleration responses to struc-
tural damping and wind velocity.

(2) Effects of each damper.
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Test conditions are shown in Table 3. Based on the
assumption that the wind direction is at right angles to
the axis of an actual bridge, the inplane direction of the
light pole was selected as the wind direction.

Wind tunnel tests were divided into preliminary tests
conducted without wind and regular tests with wind.
For the preliminary tests, an electromagnetic damper
was used as an exciter to reconfirm the oscillation
modes. Three types of structural damping (logarithmic
decrement values) were established by regulating the
electromagnetic damper and response values to the
respective oscillation modes were measured. In the
regular tests, the relationships between wind velocity,
acceleration, and displacemeni responses of the light
pole in wind were investigated. The wind velocity
ranged from 1 to 25 m/s. The impact damper was in-
stalled in an optimum position for the modes in which
vorlex-induced oscillation was observed, as with the
basic tests described in Sec. 2.5 using a vibration test
machine. The conditions for this wind tunnel test are
shown in Photo 1.

Table 3 Conditions of wind tunne! test

No. of test levels

[ Type of Na. of

Type of o o
damper Wind ; Logarithmic Lest test cases
_direction | decrement _
No damper ‘ 1 ‘ 3 ‘ V-A test 3
Steel balls ! 1 : 1 . VoA test 1

Photo 1 Overview of wind tunnel test of octagonal-

cross-section light pole
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Fig. 6 Effect of wind velocity on the displacement
amplitude of the top of the pole

3.2 Results of Tests

In this study, resuits obtained for an octagonal pole
are described. Displacement amplitudes at the top of the
pole for various wind velocities are shown in Fig. 6. The
first out-of-planc oscillation mode was observed for
V =4 m/s, and the second out-of-plane oscillation
mode at ¥ = 9 m/s. Furthermore, there are indications
that the third out-of-plane oscillation mode develops at
V = 25 m/s. Oscillation waveforms were separated for
each of the oscillation modes using an analog filter. As a
result, it was found that at ¥ = 25 m/s, the displace-
ment amplitude of 3.3 mm at the top is a combination
of multiple oscillation modes comprising the first out-of-
plane oscillation mode with an amplitude of 2.9 mm,
the second out-of-plane oscillation mode with an ampli-
tude of 1.8 mm, and the third out-of-plane oscillation
mode with an amplitude of 0.8 mm. In this case, the
first inplane osciltation mode has a large amplitude of
4.0 mm. It was also found that in the high wind velocity
range, not only oscillations due to the Karman vortex
but also a complex oscillation mode occur even if the
wind in the wind tunnel is disturbed shghtly. For the
first and second out-of-plane oscillation modes, the
Strouhal number was calculated from the resonant wind
velocitics and oscillations; §, =0.16 to 0.17. These
values were almost the same as the data in measure-
ments by Yamada et al

The relationship between the wind velocity and the
aceeleration at the end of the pole arm {(where the light
is attached) is shown in Fig, 7. The acceleration ampli-
tude shows a maximum value in the second out-of-
plane oscillation mode. The acceleration in the third
out-of-plane oscillation mode was about 295gal at
V = 25 m/s.

Displacement and acceleration amplitudes when a
steel ball impact damper was installed are represented
by black circles in Figs. 6 and 7 respectively. The displa-
cement at the top of the pole is about 1/20 for the first
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Fig. 7 Effect of wind velocity on the acceleration
amplitude at the tip of the arm

out-of-plane oscillation mode and about 1/5 for the
second out-of-plane oscillation mode. The acceleration
at the tip of the arm was about 1/25 for the first out-of-
plane oscillation mode and about 1/4 for the second
out-of-plane oscillation mode, indicating that effective
damping was obtained in both cases.

The relationship between structural damping (loga-
rithmic decrement value) and the amplitude due to
vibration is shown in Fig. 8. Oscillations in the first and
second out-of-plane oscillation modes are considerably
smaller when the logarithmic decrement value is 0.02 or
more. Logarithmic decrement values when an impact
damper is installed are given in Table 4. Higher loga-

o

o I Ist mode (out-of -plane)
151 a1 2nd maode (out-of -plane)

Displacement amplitude (mm)
Lol ;
= -

g 001 0.02 .03

Logarithmic decrement value

Fig. 8 Effect of logarithmic decrement on the displa-
cement amplitude at the top of the pole

Table 4 Logarithmic decrement value

Without damper ‘ With ball damper
Lst deg. \ (.004 0.06

2nd deg. | 0.0 0.04
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rithmic decrement values than when a damper was not
installed were measured, thus demonstrating that the
effectiveness of the damping device.

Incidentally, the same damping effects observed with
the octagonal pole were also seen with a round pole in a
test conducted by the authors.

4 Design of Damper

Based on the effectiveness demonstated by the impact
damper, a practical device was developed. The design
procedure is shown in Fig. 9. If structural conditions
such as the dimensions of the light pole, weight of the
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thickness (!} of pale

Support condition

Weight of lighting equipment(m/ |
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I ,l:f’f.f.
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Fig. 9 Design filow chart for light pole with impact
damper for effect of wind
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lighting equipment, and support conditions for the pole,
and weather conditions such as wind direction and
velocity are given, it is possible to execute eigenvalues
analyses. As a result, the natural frequency, natural
period, and oscillation mode for the free movement of
the pole can be determined. If the natural frequency,
the cross section, and outside diameter of the pole are
given, then $;, N and D can be calculated from Egq. (1),
and the resonant wind velocity can be obtained. For
poles with a special cross-section, it is necessary to
determine the Strouhal number §, by conducting a
wind tunnel test. If the resonant wind velocity is given,
it is possible to judge whether Karman-vortex-induced
oscilation occurs, considering the installation conditions
for the light pole and the maximurn design wind veloc-
ity based on weather conditions or customer specifica-
tions. For a light pole with a Strouhal number of about
0.1 to 02, the typical diameter ranges from 100 to
200 mm, and the natural frequency of the first- to third-
mode oscillations is 1 to 20 Hz. Therefore, Karman-vor-
tex-induced oscillation occurs at a wind velacily of
about 20 m/s even in the third oscillation mode in the
resanant state. For this reason, it is usually necessary to
examine the behavior of Karman-vortex-induced oscilla-
tion. Response analysis is possible because Karman-vor-
tex-induced oscillations is a forced oscillation due to
variable lift generated periodically. In this case, it is
necessary as a precondition that the lift coefficient €
under the induced external force given by the following
equation be determined in advance:
A

L{1) —} %szDCLe"‘”n’dh ------------ (2)
0

where L(#): Lift

g Density of air

h: Height of light pole

w,: n-th oscillation period

Studies® have been made for some time on the

value of Cy, and many relate to lower-like structures
such as chimneys and smokestacks. The following equa-
tion is considered valid when Karman-vortex-induced
oscillation occurs and the light pole is moving in syn-
chronization with the wind:

a
C = . (5) .................... (3)

where m: Mass of vibrating body (light pole)
d: Logarithmic decrement
a: Displacement amplitude
IF Eq. (3) can be applied to a light pole and the values
obtained in the wind tunnel tests in Sec. 3.2 are used,
the lift coefficient for a light pole with an octagonal
cross section is about 0.3. Many points concerning C)
remain unclear, howgver, and precise wind tunnel tests
are necessary for rational design,
If response analysis is made using induced forces cal-
culated by Eq. (2), various response values such as dis-
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placement of the light pole due to vibration can be
determined. A typical analysis method is that proposed
by Y. Ogata et al." If various responses are found, the
damping force can he determined by repeating response
calculations and by considering a damping force of any
magnitude in any position in the same manner as was
used with the above-mentioned induced external force,
so that allowable displacements corresponding to damp-
ing ratios can be established. If the damping force is
determined, then the number and size of damping
weights, clearance, and other factors can be calculated
by considering the restrictions on space available for the
installation of the damper, because the relationship be-
tween the impact force and the clearance of the damp-
ing weights can be obtained experimentally, as men-
tioned earlier.

5 Conclusions

In order to reduce the Karman-vortex-induced oscilla-
tion of highway light poles, typical vibrational characte-
ristics of such poles were first investigated and an
impact damper was then developed. Basic experiments
were conducted using a vibration test machine to inves-
tigate the effectiveness of this damper, with positive
results. The damper was then tested in a large wind
tunnel using a fullsize pole. The following results was
obtained from these basic and mock-up Lests:

(1) Karman-vortex-induced oscillation can be reduced
to a considerable degree by using an impact damper
having cells arranged in one direction, as developed
in this study.

(2) With the impact damper installed on a pole with an
oclagonal cross section, it is possible to reduce the
amplitude of vibration $0% for the first out-of-plane
oscillation mode (resonant frequency 2.9 Hz) from
that when no damper is installed. This was evident
from both basic and wind tunnel tests.

(3) As in the first out-of-plane oscillation mode, the
effective damping 15 also obtained in the second out-
of-plane oscillition mode (resonant frequency
7.1 Hz}. This damping effect however is somewhat
smaller than in the first oscillation mode, because
the oscillation has a considerably smaller amplitude
under large oscillation energy. A reduction of about
70 {o 80% in terms of absolute value is possible.

(4) From tests on the movement of damping weights, it
was found that if the damping weights are stee{ balls
of the same weight, the range of clearance which
permits synchronous movements with the container
of the damper is very great for the oscillations
caused by small external force, and, the larger the
clearance, the larger the impact force will be. For
oscillations caused by great external force, however,
the clearance range 1o resonance is narrow.

(5) In designing a damper, it is necessary to scleci rela-
tively large damping weights and clearances for the
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oscillations caused by small external force, and rela-
tively small damping weights and clearances for
oscillations caused by great external force. (although
in' the latter case, the number of damping weights is
increased.)

(6) The results of wind tunnel tests using full-size Hght
pole with an octagonal cross section reveal that the
lift coefficient of air, ', which affects the external
force of forced oscillation to which the pole is sub-
jected is about 0.3. This value is almost the same as
that obtained with a round pole in a recent study.

It was revealed from these results that Karman-vor-
tex-induced oscillation can be reduced considerably in a
light pole with the same rigidity as the octagonal pole
used in this study by installing an impact damper. In
the future, however, il is necessary lo thoroughly
reduce the collision noise from the impact damper
developed in this study. Using a simple method adopted
at present, the collision surface is coated with resin. It is
also necessary to develop an effective method of installa-
tion o meet space limitations, Further, research and
development in corrosion prevention is also necessary in
order to improve durability. The authors would like to
reporl these items separately.
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