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State of California

Business and Transportation Agency

Memorandum

Z-iébaﬁwfy

To All District Directors Date: June 7, 1974
File : 700.57
From DEPARTMENT OF TRANSPORTATION -Division of Highways
Office of Structures
Subject:

Attached is a copy of the final report on our research
project entitled, "Field Dynamic Studies of a Long-Span
Sign Structure,” by H. D. Nix and H. Reinl. The report
describes field measurements of structure natural frequen-
cies, damping, and critical wind velocities.

The test structure is an example of a new type of sign/signal
support structure intended to replace standard designs for
box-beam and truss type structures for special situations.
The new tubular designs are very susceptible to wind-induced
vibration and related fatigue. A computer program developed
in a preceding research project analyzes structures of this
nature subjected to dynamic wind leoads and develops an
estimate of structure fatigue life. The tests described in

the report verified certain theoretical foundations of the
computer program.

The repoxt notes that existing AASHTO criteria governing the
design of sign support structures which have as their objective
the elimination of vibration and fatigue, result in extremely
uneconomical designs. No recommendations are made, however,

to modify existing criteria since not all aspects of the

fatigue life design method have been experimentally verified,
It is anticipated that work will continue in this area.

Dale F. Downing
Chief, Office of Structures
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Foreword

There has beén increasing interest in the deleterious effects

of wind-induced vibration of luminaires and sign/signal

bridges in recent years. California has shared this interest
and is actively working to develop more rational design

criteria for structures susceptible to aeclian vibration.

An outgrowth of California's efforts has been the devélop—

ment of a computer program for the evaluation of “Wihd

Effects on Luminaires and Traffie Signals® {WEFFLS).

Program WEFFLS attempts to eValuate the static,-dynamic,

‘and fatigue adequacy of a particular class of structures.

This research investigation was undertaken to provide an
experimental verificééion of certain fundaméhtél aspects of
the WEFFLS analysis.. The pfoject'cannot be éonst:ued as a
complete experimental verification of progrém WE?FLS-
WEFFLSiis, and will remain for an indefinite period, an
éxperimeﬁtal and developmental tool, and should be viewed

only in such a context.

vii
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1. Introduction

The increasing use of tubular metal ﬁembers in traffic signal
and luminaire supports has forced a consideration of wind-
induced vibration in the structural design. 1In California,
several luminaire failures prompted an investigation into

1]

the cause of failure and a subsequent review of design criteria,

The investigation determined the cauée of failure td be fatigue

cracking of welds which joined the structure's base plate to

the vertical pole. The design review revealed that few tools

were available for the structural design of tubular metal

members which considered metal fétigue arising froﬁ'wind—

induced vibration. A research project (4)*'was initiated to

develop an analytical method which would'consiéer'fatigue'critéria-
~ in the design of typical standards. The project terminated

with the development of a computer program which has the

acronym WEFFLS (Wind Effects on Epminaires and Traffic Signals).

The analysis performed by program WEFFLS inclﬁdes consideration
.of fatigue arising from wind qusts and steady-state vibration
developed by vortex éhedding. The tested signal structure
would vibrate quite visibly in the first in-plane mbde at

low wind yelocities. This fact suggested the occurrence of
vortex shedding and that, for thi§ particular structure, the
fatigue component arising from vortex sheddlng would be much

more significant than the fatlgue developed by wind gusts,

'\;, (*Nuﬂbers in parentheses refer to references in the Bibliography.}

ClibPDF - www .fastio.com
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The'expefiﬁéntai'prbgram:aescribéd in the following pages

was intended to verify certain fundamental aspects of the
WEFFLS analysis; The experimental emphasis was on vortex
shedding related parametérs since the tested structure was
‘particularly sﬁsceptible to this phenomenon. An experimental
program to verify completely all aspecﬁs of the theoretical

analysis would be very long and complex, although certainly

~ warranted.

2.-.Géneral Description of Vortex Shedding

Whenever a blunt object is immersed in a moving fluid, the
pPhenomena of vortex shedding occur. A region of turbulence
develops on the object, which grows larger in time, until

a portion of the turbulence is shed in the form of a vortex.
The vortex travels around the body to some point at which

it separates frém'thé body surface and joins the fluid
stream. The vortices are shed on alternate sides of the

body at a particular rate, the vortex shedding frequency.

The vortices travel at a velocity somewhat less than the fluid
on the opposing ‘side of the member. Thus, by Bernoulli's

Law, a pressure differential exists between the opposite
sides. The pfessure-difference may be viewed as an alter-
nating force thét acts at righﬁ angles to the direction of

fluid flow on tﬁé structure.

Experiments have shown the frequency of vortex shedding to
be a function of fluid velocity, a characteristic dimension,

and a shape coefficient, the Strouhal Number. The equation

ClibPD W fastio.com
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expressing the relationship is the following:

- fy =58v
. T a
where £, = frequency of shedding vortex pairs
oo | : S = Strouhal Number -
v = fluid velocity
d = characteristic dimension

For a circular member, d is usually taken as the outside
diameter and S isg approxlmately 0.19 for a w1de range of

Reynold's numbers.

With respect to sign and supporting structures, vortex sheddlng
forces become significant if the ambient wind veloc;ty and
structure dimensions combine to produce vortices at a fre-
‘quency close to a structure's natural frequency. Iﬁ such a
situation'resonance_may produce significant, varying member
stresses. These stresses are limited only by the wind

duration and structure damping.

An assessment of fatlgue, which might develop from vortex
shedding 1nduced steady-state vibration, must be founded on
a knowledge of the structure's natural frequencies, damping,

and wind environment. All three are equally important para-

nmeters.

3. Objectives of Test Program P

The test program had three primary objectives:
1. To V%rify the WEFFLS-predicted natural vibra-

— tion frequencies;

N

ClihPD wwwLfastio.com
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2. To assess the structure damping ratio; and
e 3. To determine experimentally the lowest wind
velocity which causes resonance in the test

structure.

The prototype structure, a long span, tubular, continuous
traffic signal bridge, was tested with and without traffic

signals in place.

4. Description of Test Structure

The test structure is located at the intersection of State

Routes 238, 185, and 92 in the City of Hayward, California.
The structure spans 112 feet across the intersection and is
constructed of tubular galvanized steel plpe of 10-3/4-inch
outelde dlameter. The wall thlckness is .365 1nches on the

vertical supporf and 0.188 1nches~on the horizontal member.

The tubular'secrion is of constant outside diameter.

The structure is continuous and rests on cast-in-drilled-hole
pilee twelve to“eighteen:feet deep. The connection of the
structure base plate to the pile foundation was accomplished
by means of four two-lnch diameter bolts. Figure 1 depicts

the structure with pertinent dimensions.

5. Description‘of f_Instrumentation

The structure was tested on three occasions. The first
testing was lntended to check the test equipment and proce-
dures. The second testlng involved more measurements than

the first, 1nc1udlng the recordlng of ambient winds. The

ClibPD WAV fastio.com
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first and second testings were performedlon the.bare frame;
In the third phase the same equipment and procedures were
utilized to test the frame with signals attached. The
three tes£ occasions will henceforth be labeled as Tests A,

B, and C,

5;1 Test A
The structure was excited by an Electro-Seis shaker, placed
such that the structure was induced to vibrate in its own
plane. The shaker transmitted a sinusoidally varying
horizontal force to the frame at a location five feet'ebove

one support.

The horizontal components of the structure's accelerations

and displacements induced by the shaker were meaeured at a
location 7.5 feet above the support by a Statham Accelerometer,
A4-~1.5-350, with a range of +1.5g and a BLH Dlsplacement
Transducer with a range of‘i.35 inches, respectively. The

Test A instrumentation is portrayed in Figure 2.

5.2 Test B
The Electro-Seis Shakef was again used to impart an alter-
nating force to the structure. The shaker was positioned
ten feet above one structure support rather than five feet,

as in Test A. The change in position of the shaker was'simply

for experimental convenience and was not a consequence of any
Test A findings.

www fastio.com B - o L
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Acdélefafiohé'g%a‘displééements.were recorded at two struc-
ture locations, the midspan and one.quarter span point of the
v horizontal membér. The vertical component of motion was
measured'Since”éhe in—plﬁne structure motion is Primarily
vertical at the'instrumentation locations. The accelerations

were measured with Stathhm Acceleroneters.

An optical"measﬁfing'5y§éém, the Optron, was used in tests

B and C to determlne the mldspan and quarterspan deflections.
The Optron system is composed of a black and white target
and a sensing unit. The sensing unit. can be remote from the
target and will track target movements which oceur normal

to the axis formed by the target and sensor. There are no
physical cdnnecéions between target and sensor; but there

must exist'ah unrestricted light path from target to sensor.

The lack of phyéical conﬁéctions between target and sensor
was very advantééeous. fhe tested structure spans a busy
urban intersectibn.. The fraffic volume at that location
Precluded the uSé of any instrumentation which would require
closing-a traffié-lané of;Would‘otherwise interfere with

traffic flow. The Optron system was well suited to the re-~

quirements of this project.

In addition to the acceleration and displacement measure-

ments, wind speed and direction were also recorded. The

ClihPD wwwLfastio.com -
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wind speed was recorded at 14 and 31 feet above the base

of the signal standard., The wind direction was recorded

only at the higher level. The location of the test apparatus

for Test B is presented in Figure 3.

5.3 Test C

The instrﬁmentation layout and testing procedures were
similar to those'detéiled for Test B, except that no measure-—
ments of wind speed and direction were made for reasons out-
lined in the following section. Tests A and B were made with
the structure in its "bare frame" condition; that is; there
were no signal heads or signs affiied. For Test C, however,
the structure was in its final configuration with nine-progrémmed'
visibility head signals in place. fhe structure in its final

configuration is shown in Figure 1.

- 6. Description of Test?Procedure

A primary test objective was to vefify the computer pre-

dicted natural frequencies. a straightforward method of
determining the structure's natural frequencies was chosen

in order to minimize post-testing data reduction. In Test A,
comparisons were made bétween the input signal to the Electro-
Seis shaker and the output signal from the accelerometer

and deflectomete:. The accelerometer, Optton. and input

signals were compared in Tests B and c.

The comparisons of input with output could be made visually
since all transducer output, including the driving force,
were récorded on an oscillograph. It was possible to sweep

a frequency range with a variable oscillator, which provided

ChhPD

WL fastio.com e B -


http://www.fastio.com/

ClibPD

“wnww fastio.com

a sinusoidal 1nput 31gnal to the shaker, and note when 51m11ar
response curves were obtained from the deflectometer (or Optrons)
and accelerometer. At resonance the curves appear in phase

and the frequency of the driving signal represents a natural

structure vibration freguency.

With the computer predictibns as a guide, the oscillator

could be tuned to the structure's natural frequencies. In
fact, due to the hlgh flelelllty of the structure, the

lower modes were clearly visible to the eye. The frequency
spectrum was scanned from about 1 Hy to 16 Hz which encompassed
the structure 5 lowest twelve natural frequencies. Since only
the first twelve modes are included in the WEFFLS analysis,

the testing was restricted to that range of frequencies.

The structural daﬁping was determined from a displacement
amplitude curve. The structure was excited in a particular
mode to a steady-state condition and the dr1v1ng force was

then eliminated. "The damped free vibretion decay curve was
recorded on the decillograph. Decay curves were obtained

for one lower mode and one higher mode. Appendix A details

the method by whic¢h damping ratios were calculated and Presents

the experimental wvalues.

The third test objectf%e was to determine the lowest wind

speed which caused resonance in the structure. It was

possible to record simultaneously the accelerations, displace-
ments, wind speed ‘and direction at a time when the structure
was visibly vibraﬁing. The oscillograph traces of acceleration
and'displacementlindicatedkthat the structure was vibrating

at one of the previously determined natural frequencies. An
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analysis of the recorded wind speed and direction‘revealed
the critical wind velocity. This'procedure was performed

only for the structure without signal heads installed

At the inception of the test program, it was planned that

ambient wind measurements would be madé for both Tests B and

C:; however, after the signal heads were installed, the structure
did not respond to low velocity winds as it did'as an uncluttered,
bare frame. At no time during the Test C measurements was the
structure observed resonating under the influence of ambient
winds. Apparently, the addition of the signal heéds disrupted
the air flow to the extent that significant vortek shedding forces
could not be generated. Had ambient wind measurements been made,
their only value would be to define a range of wiﬁd speeds in
which the critical wind velocity was not reached. Test C ambient:

— winds were felt to be about the same magnitudé and direction as

in Test B.

7. Test Results

7.1 Natural Frequencies

The natural frequencies determined during Tests A, B, C are
presented in Table 1. The table includes a list of the first
twelve WEFFLS-predicted natural frequencies. The notations
"out" or "in" signify a primarily out-of-plane or in-plane
vibration, respectively. The test objective was to determine
the in-plane frequencies only, since it is the correspoﬁding
. in-plane modes that will be activated by the vortex shedding

forces,

S’ There is good agreement between the measured frequencies in

ClihPD wwwLfastio.com B
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Tests.A”ésé”B. Thls is to be expected since the structure

was in a 51m11ar conflguratxon for both tests. Measurements

of the natural frequencmes were repeated in Test B since that
test phsse had more instrumentation than that which was used

in the initial'phase, Test A. The reasonable agreement between
measured frequenCies in Test A and Test'B suggests that the
simpler test procedure, Test A, would be adequate for future

studies.‘

The ﬁeasured resanant-freqseﬁéies.for the structure with
signals'installed; Test c; are lower than those detexmined
withouﬁ‘signal.heads installed, Test B, for the first three.
in-plane modes. The addition of nine sixty-six pound signal
heads caused the:drop in frequencies. This point will be

further elaborated after a discussion of the theoretical

' results.

It-is-interestinéithat, for the structure with and without
siénal heads in ﬁiace,_tﬁe measured natural frequencies were
lower than the prédicted " This fact suggests some support
flexlblllty, the 1mportance of which will be considered in

the theoretlcal ana1y513 dlscu551on.

7.2 Structure Damg1ng

The structure damplng was determined in two modes - mode
6 at 4.79 Hz and mode 3 at 2.20 Hz. A critical damping
ratio in mode 3,"55 measured over 100 cycles, of 0.0024 was

obtained. The cdtréSponding number for mode 6 was 0.0019.

- 10 -
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A reasonable average would be 0.2% critical damping. (See

~ Appendix A for calculation details.)

7.3 Critical Wind Velocity

When it was visually obvious that the structure was vibrating
under the influence of vortex shedding forces, recordings
weré made of wind velocity and'direction and structure
acceleration and displacement at the guarter-~span and mid-
span points. The critical frequency waé determined from the
‘acceleration trace. The wind velocity normal to the plane
of the structure was calculated from the recorded velocity
and direction. The critical wind velocity was found to lie
between 6 and 9 miles per hour. However, difficulty encountered'
in aligning thé axis of the directional vane with the plane

~ of the structure cou;d have introduced an orientation error

| of up to 10°. If an alignment error of 10° is assuméd, the
measured critical wind velocity range is.from 5 to 8 miles

. per hour.

A brief description of the wind tower is necessary to understand
how a seemingly large alignment error could be introducéd in the
directional vane. The anemometer and directional vane weré
mounted on a special wind tower manufactured by the Division of
Highways, Transportation Laboratory for air pollution studies.
The tower is composed of telescoping sections which utilize the
transporting trailer as a base. When being transported, the
tower is telescoped and rests in a horizontal_pbsition on the
trailer. The anemometer and directional vane, which must be

6riented‘to a reference direction, ate positioned while the

- 11 -
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tower is horiZooéai. ‘Theitower is rotated to the vertical by

a winch and cabie and is extended by a second winch and cable
system. The orientation of the transporting trailer and the
90° tower rotation during erection contribute to the difficulty

in aligning the directional vane.

8. Theoretical Results
Of the three tesf objectives outlined early in the report,
two were to verify experimentally theoretically determined
values. These velues‘were the theoretical predictions for
the structure‘svoatural frequencies and the lowest critical
wind velocity. kA critical wind velocity is defined as that
wind speed'which; when acting normal to the plane of the
structure, will oause:structure vibrations at a natural fre-
— quenoy through the mechanism of vortex shedding.) The
natural frequencies and critical wind velocities are funda-
mental to the problem of wind-induced vibration of linear
systems. The theoretical.determination of each of these

quantities will be reviewed in the following pages.

8.1 Naturalfﬁggqueanes
Program WEFFLS formﬁlates”the structural problem by the
_direct stiffness method. The natural frequencies and mode
shapes (the cla551cal eigenvalue -~ vector problem) are deter-
mined by Householder Tridiagonalization with preliminary Cholesky
Decomp051t10n of: the dynamlcal matrlx. A lumped mass model is
used to descrlbe the 'structure for dynamic purposes. Rotational
inertia is neglected. The mathematical formulation using these

techniques and assumptions is well documented in the literature

- 12 -
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and will not be presented herein.

The adequacy of any theoretical predictions of natural frequen—

cies and mode shapes is dependent on the flneness of the struc-

.tural dlscretlzatlon used the assumptions bullt 1nto the

solution process, and the boundary conditions. The structural

. discretization used in the WEFFLS analysis is shown in Figure 4.

Model 1 included nineteen nodes and  eighteen members. The

'_WEFFLsupredicted natural frequencies and mOde shapes.Were'checked

by analyzing the structure with an identical discretization
using the STRUDL (Structural Design Language) subsystem of ICES

(Integrated Civil Engineering system) (2, 3. Because WEFFLS was

'programmed for a maxlmum of 20 nodal points, the structure was

then further subd1v1ded-and reanalyzed using STRUDL The objec-
tive was not to valldate the mode determlnatlon as done by either

WEFFLS or STRUDL, but rather to establlsh the preclslon wrth

' whlch the orlglnal structural dlscretlzatlon {which had been

cross-checked between the two programs) captured the natural
frequencres and mode shapes. The second structural discretiza-
tion, Model 2, used 23 nodes and 22 members. In all cases, the

structure was assumed to be fully restralned agalnst rotatlon

and ‘displacemeént at the base nodes.

Table 2 contains the results of the single WEFFLS and the two

' STRUDL analyses. -There is very little difference between the

two programs for structural Model 1 and little dlfference
between the results for Models 1 and 2 as analyzed by STRUDL

except in the eleventh and twelfth_modes._

vww . fastio.com
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The firsﬁ.six ﬁséé shapes&for structural Model 1 as determined
by WEFFLS and STRUDL are presented in Figures 5 and 6. Each
mode shape is plétted as a singlelline since there is negligible
difference between the program predictions. The first six modes

include three ihﬁplane'and three out-of-plane vibrations.

The structure was réanalyzed'as structural Model 3 with STRUDL

to detérmine thehnatural frequencies‘with the nine signal heads

in place. STRUDbAwas used rather than WEFFLS for this modelling
because of'the 20 node limitation in WEFFLS. A very representative
modei'wa;.develoﬁéd.with each signal head défining a nodal point.
An accurate mathématical model was desired since comparisons were
to be made between theoretical and experimental ﬁalues for natural

frequencies. A coarse mathematical model would have introduced an

apparent disagreement.

It should be noted, howevér, that a 20 node WEFFLS model would be

- adequate for the'ultimate goal of a fatigue analysis. For example,

a measurement may yield a critical wind velocity of five mph and
a theoretical prédicﬁion,*four mph. The theoretical value is
apparently in erfor by 20%. The_probability of the occurence of a
four mph wind isfnearly the same as that for a five mph wind and
the number of cycles a giVen structure would be subjected to at
each wind level ére approkimately equal. Thus, when the probabi-
listié fétigue apalysis is done, the consequences of seemingly

large errors in critical wind velocities are lessened.

Inithe‘preceding“analyses, the structure was modeled with full

fixity at the supports. The cast-in-drilled hole pile foundation

- 14 -
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is quite rigid; however, the bolted base plate connéction does
have some flexibility. A theoretical or experimental determi-
nation of this flexibility would be difficult. Consequently,

the natural frequencies were determined by additional theoretical
analyses with the structure rermitted to rotate in_its‘plane at
the base nodal points. The out-of-plane and torsional rotational
restraints were retained. The combination of analyses with and
without in-plane rotation provided a range of theoretical natural
frequencies within which the measured frequencies should fall.
The results of these analyses are listed in Table 3 and will be

discussed more fully in a later section of the report.
8.2 Critical Wind Velocities

The equation presented earlier in the report.

fv = SV,
a

can be written as ' : : -

Ve

£
s

to yield wind velocity as a function of frequency, member
diameter, and Strouhal number. The critical wind velocities

are those wind speeds which will cause vortices to be shed

at a frequency that corresponds to a structure natural

frequency.

Critical wind velocities were calculated for the natural

frequencies corresponding to the structure without signals

‘and for the fixed/pinned base conditions. The calculations

- 15 -


http://www.fastio.com/

ClibPDF -

were made only for the 1n—p1ane modes through mode 10, with

$=10.19, 4 = 10 75. The results of the calculations appear
in Table 4.

9, COmgarlson of Theoretlcal with Experimental Results

9.1 Natural Freggenc1es

Table 3 presentthhe theoretical natural frequencies for the
boundary conditions of fixed and released in-plane rotation

at the base. Through mode 6, the theoretical frequencies

provide bounds for the experimentally determined natural fre-

quencies, The exper1menta1 frequencies are closer to the
theoretical fixed end frequencies in the lower modes, for the
structure w1th and without signal heads installed, than to
the pinned end frequencies. Thus, the fully fixed theoretical

model used in, the WEFFLS analysis is the better approximation.

Table 3 also dem&nstrétes the anticipated drop in frequency
due to the addition of the signal heads to the structure in
all measured‘modéé but number 8. The frequency drop is a
simple consequence of the addition of mass to a vibrating

syétem'while'retéining the 'same value of stiffness.

The experimentall} determined natural frequencies for modes

8 andllo fall outside the theoretical range. This anomaly

ﬁay be due to a poor détermination of the higher frequencies.
An exact description of the higher frequencies is not necessary,
huwever, ‘since damage due to vortex shedding is confined to the

lower modes for whlch higher stresses are developed.

i

- 16 -
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In general, the experimentally determined natural ftequencies
agree quite well with the theoretical Predictions. The use of
a fully fixed boundary condition for analysis purposes appears

justified for the cast-in~drilled-hole pile foundation detail.

9.2 Structure Damping

Since the test structure has only bolted splices and two bolted
base connections, joint flexibility probably contributes very
little to energy dissipétion. The major damping mechanism is
most likely viscous damping from the surrounding air, The

WEFFLS analysis ig formulated assuming viscous damplng. Con-

_sequently, the experimental free v1brat10n curve was reduced

on the bas;s of viscous damplng to obtain a crltlcal damping

ratio of 0,2%.

The critical damping ratio was obtained fdr two ih—plane modes
with similar results. Thus, the damping may be agsumed mode
independent for theoretical analyses. A fatigue analysis

would be particularly susceptible to damping ratio since low

- damping would result in higher displacement amplitudes with

corresponding higher stresses. Higher stresses would increase
fatigue damage, assuming a cumulative damage model as used in

Program WEFFLS.

9.3 cCritical wWwind Velocity

The theoretical bounds for the structure’s natural frequency
in mode 2, the first in-plane mode, vield a range of from 3.6

to 5.9 miles per hour for critical wind velocity. The

- 17 -
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ékberimental‘mﬁég'z freqﬁency of 1.67 Hz vields a critical.

— - wind velocity of 5.4 miiés Per hour. From the recordings of
wind speed and direcfion made when the structure was vibrating
in mode 2 underlthe influence of the wind alone, a'velocity
range of from 6 to 9 mph was obtéined. Considering the possible
alignment errors, pPreviously discussed, there is adequate agree-
ment between the-theoreticai critical wind velocity and the

experimental values,

Experimental crificalﬁdnd velocities for higher modes were
not measured sincde the wind source was natural and, therefore,
uncontrollable. - The structure was not observed v1brat1ng in
any but the first in-planeé mode under the influence of amblent
w1nds during any test. Even though the higher modes have a
;‘, | theoretical exisﬁence, théy may not be realized in nature on
structures of this type due to the complex pattern of forces
required to initiate and sustain higher mode vibration. If
this conjecture proves to be frue, the problem of wind-induced

fatigue may be g#eatly simplified.

10.  Design Considerations

The experimental work described herein was intended to pro-
vide verification of a developing design method. It would
be worthwhile to examine the current American Association

of State Highway‘officialéﬂ(AASHO).methods of handling vortex
shedding in contrést with an alternative treatment of the
encompassing fatigue problem.

Q;;? . : '
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Existing AASHO Specifications (7) attempt to eliﬁinaﬁe

resonance at critical wind speeds by'a deflection control

and, in the case of aluminum structures, with the additional
use of damping or energy absorbing devices. 1In the case of
steel structures, where auxiliary damping devices'are not
required, the deflection control places a signifidant penalty
on the use of shapes similar to the tested structure--long span,
thin-walled tubes. This observation has been made by others,
notably Pelkey in his discussion of similar tubular sign support

structures (6).

The deflection cohtrol criterionis dévelopéd by noting that
the fundamental frequency of vibration of a simply supported
beam of uniform mass and stlffness is approx1mate1y the

rec1procal of the square root of the dead load deflection.

That is,

where f.= fundamental frequency of
v1brat10n

A= dead load deflection

The frequency, fy, at which objects shed vortex pairs is given
by

fv =8

v
a

H

whére S Strouhal number
v

a.

wind velocity

characteristic object
dimension
- 19 -
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The d2/400 crlterlon, a llmltlng value for dead load deflec~
tlon, is obtalned when the structure's fundamental frequency,
expressed as a functlon of dead load deflection, is equated

to the vortex shedding frequency for a wind velocity of 80 mph.

For long spans, saY'greaterlthan 60 feet, the d2/400
criterion imposes an 1ncrea51ng1y severe penalty in added
materlal An adequate statlc design will need an 1ncrease

in pipe dlameter and/or wall thickness where thln-walled Pipe

‘structural shape i's propoSed, to meet the deflection criterion.

The'thinuwalied“pfﬁe is a peor stfuctural configuration from

the standpoint of effidiency of material use since increases

in stiffness must{be obtained by increases in pipe diameter
.and/or wall thickness.‘ The unit increase in stiffness per unit
'of'material is muéh 1ess than for.oﬁher structural configurations,
say I-beams or trisses. The cylindrical, thin-walled shape does
have signifieant advantages; however; which tend to outweigh its
structural diSadvantages. 'ihe advantages include an uncluttered,
pleasing appearande, straignthrward fabrication, ease of erection,
' Jow painting costsddue“to the simple surface, and low drag. These
advantages may not be suff1c1ent to justify economlcally thin-

"walled plpe des1gns if ‘the deflectlon criterion is retained.

 For example, a varﬁe of 1.46 Hz was measured for the first
in—plane natural fiequency of the tested structure with signals
in place. The traffic signal bridge has an outside pipe diameter

, ef 10.75 inches. These values combine to predict a resonant

I.fff-_—. 20 -
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wind velocity of 4.69 mph.

The critical wind velocity is a function of the square of the
pipe diameter for tubular shapes. That diameter, Dj, which
would satisfy the AASHO criterion of no resonance below 80 mph

is given by the following equation:

Da 80xSx|?6xD,
fD;
where D, = dJdiameter at 80 mph

S = Strouhal number (.19)

D, = diameter at frequency

fo

il

| frequency, Hz

- For values, D;= 10.75 inches, fD|= 1.46 H=z, DZ becomes
44.4 in. An increase in pipe diameter of 44.4/10.75 or over

four times would be required to satisfy the AASHO def1ection

¢riterion.

Clearly, the aesthetically Pleasing tubular designs cannot
be competitive if the existing AASHO deflection criterion is
retained. An alternative design method is required to

accommodate tubular structural shapes.

A second approach to the design of structures in which vortex
shedding forces are anticipated is to consider the fatigue

produced by the force and not attempt to eliminate resonance

entirely.

- 21 -
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The.first édﬂdif&bn imposed by this approach is to insure
that stresses developed during resonant vibration are within
allowable limits. Since the stress amplitudes are very
sensitive to structural demping, it is important that an

accurate figure be used. Comparative analyses performed

by the authors with the 5% critical damping, commonly assumed

for design, and a more realistic 1% critical damping, which
is in keeplng w1th the value obtained in these tests, rein-

force this observatlon.

If the structureﬁis pPermitted resonant vibration, then a
large number of etress revereal cycles can be accumulated

in a short time. Assumingjthe first critical wing velocity
for the tested structhre, 4.7 mph, could be sustained for

2@ 24-hour period,. nearly 30,000 stress reversals would occur.
It is, however, very unllkely that the critical wind velocity
would be malntalned for such a period of time. The wind
veloc1ty'dlstr1bution'in time, considering only the component
which will activate the vortex shedding phenomena, becomes of
paramount importaﬂce.ﬁhen evaluating stress reversals and

related fatigue.

A probabilistic’ model of the wind magnitude and frequency can
be employed to estlmate fatigue damage arising from the ramdom
variation of w1nd gusts, the loadlng of the structure under
extreme wind“condiﬁions. and the vibration of the structure
due to ﬁogtex shedding forces. A tentative design which will
permit resonant vibration can be evaluated with respect to

fatigue life. Design ievisions can then be made on a rational

-22 -
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"basis, California is currently developing such a design method.

11, Research Recommendations
—=ss— Stcommendations

Verification of the fatigue life predicted by the fatigue design

method is needed, The tests should be: constructed to incorporate.

to an acceptable level. 1t would, then, not be necessary to
raise the structure's natural frequencies, to avoid harmful

vibration, by increasing material dimensions.

12, Summary of Observations and Conclusiong

Tne test program had three Primary objectives-:

1. mo verify the theoretically Predicted natural

vibration frequencies;

- 23w
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2. 'To assesg_the{strdcture damping .ratio; and
3, To determine experimentally the lowest wind

velocity which causes resonance in the test structure.

Good verification of fheoretically predicted guantities was
obtained for natural frequenc1es and resonant wind velocities.

Successful measurements were made of the structure damping.

The measured in—giane-natural frequencies fell within the
theoretical bounés through mode 7. The experimental values
agreed closely wi;h the'rigid boundary condition theoretical

model.

The structure daﬁping, assuming a viscous damping model, was
meesured in two modes. The critical damping ratio for both modes
was abouttlz%. ?he similarity between the measured values in

~— modee 3 and 6 suggests thet'the damping is modeAindependent.

A wind velocity ef 5 to 8wﬁiles per hour was observed to activate
‘the second etrueéure'mode'(the first in-plane mode) without
signals in placef' The'measured second mode frequency yields a
-criticel'wind velociﬁy:of 5.4 mph. There is satisfactory agree-
'ment between the measured and predicted wind velocities in

llght of the complexltles of the vortex shedding problem.

13, Summa;gﬁStdtement of Implementation

A theoretical aéproéeh to the problem of accumulated fatigue in
structures subjeeted to wind was developed as part of a project
entitled, "Aerodynamically Induced Fatigue Stresses in Traffic

Signals and luminaire Supports" (4). This project was financed,

in part, by the United States Department of Transportation,
- 24 -
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Federal Highway Administration. & éomputer program, WEFFLS,

was written to evaluate numerically the fatigue life of selected

‘structural types.

The work performed in connection with this research investigation
is a partial verification of the theoretical basis of the program,
WEFFLS. This program is currently being used as an éid in thé
development of new standérd designs. The new designs considerx
fatigue as a controllable quantity. Structurallparéméters are

adjusted to yield a predicted fatigue life commensurate with the

design structure life.

The verifications provided by this investigation are an integral
part of a developing design method. As refinement of the design
technique continues, further experimental work would be justlfled

to verify the remalnlng theoretical foundations.
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THEORETICAL NAJ;JRAL FREQUENCY
Mode WEFFLS Il _ STRUDL

Model | J" Model | Model 2

I .12 112 L1l
2 l.ea 1.81 1.83
3 252 | 2.47 / 2.46
4 264 2.60 2.58
5 3.98 | 3.88 3.98
6 560 5.5 5.54
7 6.23 6.15 6.33
8 | _- 9'.!| | 9.05 8.75
° 10.03 9.97 9.84
I0 14.04 - 13.63 13.58
N 16.44 i 15.11 14.68
12 16.00 e 15.44 Ig.BS

t

TRAFFIC SIGNAL BRIDGE

| | Table 2 :
COMPARISON OF THEORETICAL NATURAL FREQUENCIES
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TRAFFIC SIGNAL STRUCTURE
P  Table 4 |
CRITICAL WIND VELOCITIES

End Condition
Fi F
Mode | ixed | ree
Frequency | Critical Wind Frequency | Critical Wind
— H; Speed, mph H, Speed, mph
2 1.83 5.9 .11 3.6
3 2.46 7.9 .72 | 5.5
6 5.5 | 17.8 4.56 4.7
8 8.75 28. | 7.96 25.6
10 13.58 43.6 12.16 39.1
L _ \
. C3te
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oo, .
|- Maximumn normalized
displacement,

T
—=X 532 He
TRAFFIC SIGNAL STRUCTURE
Figure 5 |
THEORETICAL MODE SHAPES 1,2,3
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| —Maximum normalized
displacement.

TR ‘MODE 6
5.60 Hz

TRAFFIC SIGNAL STRUCTURE
o Figure 6
THEORETICAL MODE SHAPES 4,5,6
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~ Appendix A

Calculation of Structural Damping

The structure was excited at a natural frequency to a

‘steady state condition and the driving force was then re-

moved. The structure's free vibration displacement and
acceleration curves were recorded on an oscillograph. The

logarithmic decrement was then calculated from the decéy

curves.

‘It can be shown that,'fbr an ﬁnderdamped structure,

I'( Zn ) N2
. n & 4
' n+N Ene:

where ¢ critical damping ratio

v, = displacement amplitude
~at cycle n

Yh + N= 9isplacement amplitude
at cycile n + N
N = number of cycles

Figure Al presents a typical underdamped free vibration curve.

The field produced oscillographs are not included in the

report; however, pertinent information from the oscillo-

graphs is summarized in Table Al along with the calculated

critical damping ratios.
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http://www.fastio.com/

Mode Cycle N v v, Damping Ratio
Range n N X103
‘Mode 3 0.=50 50 760 30 2.70
2.20 Hz - - |
| 50—100 50 30 15 2.21
0—100 100 | 70 15 2.45
e Mode 6 | 0—50 50 71.5 | 365 2.14
‘ 4.79 He . |
' 50—100 | 50 | 36.5 21 1.75
0=100 | 100 71.5 21 1.95

ClibPDF - wvaw.lastio.com
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Table Al

CALCULATED DAMPING RATIOS

‘A2
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