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I1XI. INTRCDUCTION

For many years engineers have been faced with the problem
of aerodynamic effects on structures. The suspension bridge,
in particular, throughout its history has been subjected to the
destructive effects of wind, Although this is a problem of long
standing, little progress was made toward a solution until after
the Tacoma disaster in 15L0. At the present tims, although much
work has been done and there are some very prozising theories in
the literature, it is still important to check and modify all
proposed designs by conducting wind tunnel tests on section models
of the chosen sections,

This investigation wms concerned with a part of the overall
problem, It was the purpose of the investigation to determine
the stability response of suspension bridge structures to wind
velocities actually encountered. The program that was followed
treated only the basic motions associated with suspension lridge
decks, namely those of vertical motion and torsional motion. Ko
attempt was made to treat coupled motion (combination of vertical
motion and torsional motion) although it is known that such motion
may also exist in the actual structure,

Most sections encountered had already been subjected to static
tests and the coefficients of 1lift, drag and moment for these sections
had previously been determined, Howsver, scue sections were
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encountered that had not previously been subjected to static
tests and in such cases the results of these static tests were
incorporated in this thesls,

The ultimate goal of this type of investigation is to
deterxine the stability characteristics of basic suspension bridge
roadway sections. Such information would prove invalusble to
the designer by providing a starting point., It would still be
advisable to conduct wind tunnel tests on detailed modsls to de-
ternine the characteristics of the actual design,



IV, REVIEW OF LITURATURE

A, HISTORY

From the early foot bridge to ths massive structure of today,
wind has been a constant enemy of the suspension bridge. Until
the failure of the Tay Bridge'1®) in 1879, no consideration was
given to the effects of wind in design and hence it is small
wonder that thers were a largs number of failures due to wind
before this date. These early failures occurred both in Europe
and in the United States. Five of these disasters occurred in

the Eritish Isles within a twenty-one year pm-s.od.(n

There are
eye~-witness accounts of several of these failures in the litera-
ture and it is interesting to note the marked similarity between
these early failures and the failure of the Tacoma Narrows Bridge.
The Tay Disasm( 16) brought an awareness of the need to in-
clude wind afteeﬁ in bridge design. Following this disaster all
bridge designs included a consideration of the horisontal component
of wind, For a time, it was felt that the problam was solved, for
vith the exception of the failure of the Kisgara-Clifton Bridge'l?)
(the cause of which was not completely known since it failed at
night) no more fallures wers experienced until the late nineteen
thirties. Several bridgea(1)s(2)s(1)s(7) pui1¢ in the late

thirties developed oscillations when subject to certain wind
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conditions. None of these were of a serious nature and by the
use of stays and other devices they were stopped without damage
to the bridge.

The idsa that the problem of wind effects had been solved
was dispelled with the failure of the Tacoma Narrows Bridge.'?)
It was noted soon after completion that the bridge was subjected
to violent oscillations. On the morning of November 7, 1940 the
bridge was destroyed by this wind action. Unlike previous failures
this one did not go umnoticed. All during its short life a come~
plete record of its behavior was noted and there are even motion
pictures of the failure. Immediately after the failure a flood
of literature brought all the old failures before the eyes of the
public and, more important, made the enginsering world conscious
of the glaring need for research into this field.

A more complete history can be found in earlier reports on
this subject. An excellent one appears in the thesis on "Aero-
dynanic Stability of Bridges"™ by Daniel Frederick and Edward
Estes, Jr. (12)
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B. TERIINOLOGY

A body immersed in a stream of moving fluid will experience
a resultant force, exerted by the fluid, which is dependent upon
the relative velocity between the fluid and the body. The usual
practice in fluid mechanics 1s to resolve this resultant into
two componsnts, one along the line of velocity called drag and
one perpendicular to the line of velocity called 1if.(5)s(13)
Since in the general case, the resultant does not act through
the oenter of gravity of the section a moment is also producod.(u)
From experimentation or dimensional analysis the follouing
equations arisa:

v is the velocity of the air

A is the area of the deck (center to center of girders)
b is the chord or width of the section

P is the density of the air

fui'X is the dynamic prassure

Cps CL’ C;; are dimensional coefficients depending upon

the shaps of the cross sectiont>)» (13)
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In addition to the magnitude and direction of the resultant
it is important to know the point of application of the resultant
on the body. This point of application of the resultant force is
known as the center of pressure. It is customary to express the
distance from the center of pressure to the center of the section
as a parcentage of the chord. This percentage is knoun as the
eccentricity (e) and is determined by dividing the slope of the
torque curve by ths slope of the lift curve,
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where C.P. is the center of pressure.(13)s(21)

It can further be show that the resultant is dependent upon
the angle of attack ( a). This angle is the angle formed by the
chord of the section and the direction of the wind., A plus angle
indicates thatthewindieb?ﬂng upward on the section.
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Figure 1 «.... Forces on Basic Bridge Section
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The ultimate stability or instability of a section depends upon
the amount of damping in the system. The most practical way to
measure this damping is by means of the logarithmic decrement "6 ".
The log decrement is defined as the natural logarithm of the ratio

of amplitudes of two successive cyclaa.(n)’(M)

6§ s 1n X/X!

where X is the amplitude of vibration in the first cycle and X'

is the amplituds in the next successive cycle, Practically speaking
it is difficult to obtain an accurate decrement working with two
successive cycles and therefore a slight modification was made ;n
this investigation. Instead of working with the first two cycles,
sone set amplitude is chosen and the mumber of cyclss nscessary to
reach an amplitude of one half the initial value is determined.

The decrement can then be computed as follows:

6§ = 1InX/x"
n
where X/X® has the value of two and n is the mumber of cycles.
To transfer results from models to the full size structure
several scale ratios are required. First the section ratio(lz)
of the model must bs the same as that of the prototype. This is
the ratio of the depth of the girder to the width of the section,
canter to center of girders (d/b fig. 1).
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To transfer the values of the dscrement from one system to
another, it is necessary to consider the mass density ratio.(lm
This ratio is in the form of 52~ being the density of the air
in slugs per cubic foot, b the chord width and m the mass per foot
of the structure. This factor represents a ratio of the mass of
air displaced to the mass of the displacing object. Variation in
the mass density ratio causes a linear change in the value of the
dacrament.

The final ratio important in the transferring of data from
one gystem to another is the aspect ratio.“‘j) This is a ratio
of the span langth to the width of the section, In these experi~-
ments an aspect ratio of infinity was maintained by the use of
end plates on all models which in effect limits the flow to two

dimensions.

Ce AEROSTATIC STABILITY

Little trouble has been encountered in handling this part of
the overall problem. A Dridge that is safe from sliding, upe
lifting and overturning is serostatically stable,

The Tay disaster manifested the need to consider the static
horisontal pressures caused by the wind, in design. However, the
vertical component was virtually overlooked. Even at small angles
of attack this component can be quite large and in most cases it
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exoseds the horisontal component in magnitude. In 194l the Chester
(I1linois) Bridge was destroyod because of the overturning effect

eof this rorco.(m)

Do AERODYNAMIC STABILITY

1. Introdnetion.(é)'(ls)’(m) There are certain sections
which, when free to oscillate and wbjoct..od to a wind, will vibrate
with ever increasing amplitudes. These transverse oscillations
are experienced by such sections as a semicircular section with
its flat side toward the wind, a rectangular section with its
road side towards the wind and a "T" sectlion with its head to
the wind. If these sections are mounted as pinwheels they will
rotate in a direction opposits to ths direction of the fan ceusing
the wind. These sections are aerodynamically unstable, Other
sections such as the semicircular section with its flat side away
from the wind, a flat plate with its thin side to the wind and a
"R sgcetion with its stem facing the wind will not be subjsct to
this ever increasing amplitude and if mounted as pinwhesls they
will rotate slowly in the direction of rotation of the fan. Such
sections are aerodynamically stable,

2. Early Theories. Several sarly theories were proposed,
These ware all based on the sutorotation idea and wm9 essentially
based on the use of the results of static tests only. Den Hartog's'®)
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theory considered the total vertical force on a section and found
the variation of this force with the angle of attack, Assuming the
angle of attack to be small the ultimate stability reduces to
finding the slope of the 1lift and moment curves for the section
in question. Dr. Steimman1®) modiried this idea by using the
velocity ratio to account for the time required for the wind to
traverse the section but the principal criterion for stability

vag still the same, namely that a positive slope of the 1lift curve
corrected for drag indicates vertical stability and a negative
slope indicates vertical instability and that a positive slope

to the torque curve indicates torsional stability and a negative
slope indicates torsional instability with the degree of stability
or instability being determined by the steepnesss of the slope.

A saction corrected for drag is stable if dL 4 p> o .(6)
da

3. Later Theories. The previous theories are valid for
predicting the ultimate stability or instability of a section,
iiowever, they are not adequate for predicting the behavior of a
section over an entire ranges of wind wvelocities. Several more
complete theoriss have been proposed.

Professor Farquharson{) in connection with his work on the
fallure of the Tacoma Narrows Bridge, concluded that the formation
of vorticies played an lmportant part in the stability of certain
sections, Ceveral men have formulated theories concerning stabilit&,



from a consideration of vortex formation, tut these are difficult
to apply because of the complex mathematics arising when the
average bridge section is considered.

The most general theory in this field was proposed by Ir.
steinman 22} and the complete treatment can be found in the 1950
Transactions of The American Society of Civil Engineers. The
essential idea back of the theory is that all that is nscessary
for a comprehensive solution to any aerodynamic problem is to
write the gensral aerodynamic equations for the forces acting on
the section together with the general dynamic equations for these
sane forces.

The general aerodynamic equations (equations la & 1b in the
paper) are a summation of all the 1ift and moment components acting
on the section., Becauss of the complexity of most bridge sections
it is necessary to obtain these components experimentally. This
can be done by conducting static tests on straight and curved
models, The slopes of the static 1lift and torque graphs for the
straight modsls represent the contribution of vertical velocity.
The slopes of the static lift and torque graphs for the curved
models represent ths contribution of angular velocity.

In the generel vidtration system there is a foroe acting on
the body and a displacewment and those are usually out of phase.
Consider a body in harmonic motion with a displacement x, acted
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upon by a force °¢ In terms of the initial force and displacement,
x 2 X, sin wt and ? 2 P, sin (wt 4 @) where @ is the phase angle
and w is the angular wvelocity. The total work done on the section
18 W=7 FPoXo 8in @ (see Fig. 3). This phase angle is a function
of the velocity ratio, V/Nb., This dependency arises from the fact
that as a particle traverses a section, it meots the section at
different positions depending on the above three variables and the
magnitude of the force depends on the position and velocity of the
section vhen it meets the particle.

The work done on the section can be either positive or negative
depending on the phase angle, If this work is positive to a degree
exceeding the structural damping of the section, the amplituds of
vibration will tend to increase and depending on the relative
increases of all the forces concerned, the section may destroy
itself. 1f the work is negative the amplitude will decrease and
the section is then considered stable,

Fige Ja.. A Force and a Motion of the Same Frequency
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By using the slopes of the static lift and torque graphs for
straight models to obtain the contribution of vertical velocity
and the slopes of the static 1lift and torque graphs for curved
models to find the contribution of angular velocity, Dr. Steinman(Z2)
mabhtodatarminethegomralmodynmicequatimsforany
particular section. Applying correction factors for phase differencs,
found from the pressure distribution curves (eqs. 5 Paper)(zz), to
thess general aerodynamic equations and equating the corrected
results to the general dynamic equations for the section, he arrived
at the following equations, as end products, for the damping of a
section:
for pure vertical motion

8 =-“ﬁ (Flsl)..ym. esscessescecvscessBe 13 (plpel‘)

and for pure torsional motion

S =4 5232 + FS) v -......oq.l6
" e MW

o

is the logaritimic decrement
4 ig the mass density ratio
is the wvelocity ratlo

is the slope of the static 1lift curve for the straight model
is the slope of the static torque curve for the straight model

o

wn
N

Sh is the slope of the static torque curve for the curved model

a; 1s four times the radius of gyration squared divided by the
square of the chord width



.2’4-

Fi» Fh and 62 are correction factors, found by integrating
the effect of mressure distribution across the section,
to account for the phase difference. (eqs. 5 paper)
This method will also give the modified frequency of the asrodynamic
vertical or torsional oscillations in terms of the natural frequency
of vibration if this is desired,

There are some other theories but this one seems to be the
most complete and it has the advantege of being able to handle any
shape that may be encountered,

There are several disadvantages to the theory, however. First
of all it requires a large number of tests. There must be four
pressure distribution tests in addition to six static tests. Upon
completion of the tests the mathematics necessary to reach a con-
clusion are time consuming. Finally it is difficult to decide how
to curve complicated sections to get the correct results. “hen
these disadvantages are weighed against the work necessary to
conduct dynsmic tests, which through the ilmprovement of equipment
and methods in recent years has become much more reliable and
easier to conduct, it appears that dynamic tests would be more
desirable in most cases.
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E, CMALL SCALE MODEL TESTS

Host of the papers written in the field of bridge testing
seem to be in agreement on the fact that models will yleld sufficiently
accurate results for most work. ‘rofessor Farquharson'8) in his tests
for the redesign of the Tacoma Bridge revealed that all his tests
were conducted on small scale models and the most promising designs
were tested on larger modsls. Ths results obtained from the large
models checked the values of the smaller models in all cases. Dr,.
Steinman wade the following two statements in comnection with small

scale model testing:

"For an accurate calculation of the overturning moments,

the asrodynamic constants of the section are required,

These can be easily and quickly obtained in a simple wind
tunnel test on a section s to determine the coefficients
of drag, 1lift and torque.”

*"The aerodynamic stability or instadbility of bridge sections
is entirely predictable, both in direction and intensity,
for all wind velocities and for any angle of attack, without
elaborate, costly and time consuming tests on large=-scale
models of complete structures., All that 13 needed is a
simple test, requiring only a few minutes of time, on an
elementary, small scale model of the cross=section,

"For the most accurate determination of the aerodynamic
characteristics, a simple pressure-~distribution measurement
is mads. The section model may be only a few inches in
dimension, and the test can be made in a miniature wind
tunnelecccee

"In the absence of such pressure-distribution curves for a
given section, almost identical results can be obtained
from the 1ift and torque graphs of the elemontary section

ml held ?ﬁr%?mry at varying angles of incidence in &
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Another statement to verify the use of small models was made by

He Ao Thoma:( 2L)

*Congideration of the asrodynamic principles involved in
the Tacoma Bridge disaster requires knowledge of the walue
of 1ift and torque coefficients, which can be obtained by

models, "
A further verification in the use of amall models appears in the

report concerning the aerodynamic stability of trLe Severn Bridge:

"In the early stages of the investigation it was uncertain
whether the stability of a complex bridge could be predicted
satigfactorily from experiments on a sectional model alone...
To provide a practical programms it was thersefore decided to
depend on tests of sectional models to a linear scale of
1/100...Whilst the preceding tests were in progress, the
design and construction of a full model was also put in hand,
with the view to tests of the correlation betwesn the two
different experimental methods...The results obtained with
the two types of models led to the conclusion that the

tests of sectional models were sufficient for reliable
fulle-gcale prediction,”

(10)

Fo PREVIOUS TEST RESULTS

Wind tunnel tests have been conducted on bridge sections by
Dunn, Farquharson, Rouse, Haher and Fraser,

In connection with the work done on the Tacoma Narrows btridge,
the following results were obtained at GALCIT (Cuggenheim Aero-
nautical Laboratory, California Institute of Technology) and at
the University of Washington, and reported by Dr. Dumn.'23) me
first tests were run on modals of two deep truss type girders.

The first of these was 53 feet wide and 20 feet deep for a section
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ratio of 0.36 and the second was 37 feet wide and 2l feet deep for
a section ratio of 0.62, Both of these sections were vertically
stable., iiodels of the bridge were then subjected to both static
and dynamic tests and the following results obtained:

1, As constructed the models showed vertical stability and
torsional instability between the angles of attack of $10° and

«10°,

2. Whan streamlined, the model was found to be both ver-
tically and torsionally stable over the entire range teated.

3. vwhen the depth of the girder was increased the model
showed vertical instability between angles of attack of 452 and
=50 and torsional instability between the angles of $10° and -10°.

A good correlation was obtained between the work done at
GALCIT and at the iniversity of wWashington for tlie stresmline
section, A discrepancy existed between the curves for the original
section, The University of Washington showed a slight bit of
vertical instability at low angles of attack while GALCIT showed
the section stable over the entire range testeds The difference
in the tw curves may be explained by the fact that different
aspect ratios were used in the tw testa,

Additional tests at the University of washington under the

direction of Profeasor Farquharmw)

following results:

are responsible for the
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1, Girder sections indicate unstable characteristics re-
gardless of their section ratios.

2. Trussed models have a critical velocity of 100 miles per
hour at o « 09,

3. Within the limit of the usual configuration slotted
sections experience little motion and this motion is definitely
noncatastrophic in nature.

Le Torsional motion in girders is always catastrophic and
practically speaking damping is of little help in reducing this
motion,

’rofessor F.ouse( 19) at the University of lowa ran pressure
distritution tests on ™i" sections with the following results:

a section with d/b equal to 0.16 is vertically stable and tore
sionally unstable and a section with d/b equal to 0.33 is unstable
in both types of motion.

A more extensive study was made at Virginia ’olytechnic
Institute under the direction of Professor .aher' 2), The
following results, based on static tests, were reported:

1. "H" sections with d/b > 0,075 are both vertically and
torsionally stable. Above this value of the section ratio
instability develops.

2. The only deck girder section tested that was completely
stable was the one with a section ratio of 0.05.
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3. Both deck and through truss sections show complete
stability over the ranze of angles from «6° to #°.

No neutral section, that is a section with zero slope to its 1lift
and torque graphs at the origin, was found and therefore some
modifications were tried resulting in the following conclusions:

l. Double "H" sections were tried and although soms sections
were found that were vertically and torsionally stable no neutral
section was found,

2. A oroper combination of a center slot and lateral fins
on an "H" section almost completely eliminates the instability of
the gsection.

3. The combination of lateral slots and fins on the "H"
section improves or eliminates both the vertical and torsional
instability.

Dr. F!'aaer( 9), in connection with his work on the proposed
Severn Bridge, lists the following conclusions:

l. Bridges stiffened by plate girders are liable to both
torsional and vertical oscillations.

2, Bridges with truss stiffening are immmne from vertical
oscillation and their tendency to be unstable torsionally can be
corrected by suitabls design of the suspendsed structure.

These conclusions are based on the results of both static and

dynamic tests.



Ve o EXTIRIMANTAL INVESTICATLON

Ae ORJECT OF INVISTINATION

The principal object of this investigation was to determine
the stability of basic suspension lridge sections when these sections
are subjected to either vertical motion or torsional motion. The
stability was determined, for either mode of motion, over a range of
wind velocities scaled to represent actual velocities that are likely
to be encountered in practice. A secondary object of the investi-
gation was to verify the predictions made concerning the stability
of different sections as deduced from the results of static tests.

B. PLAN OF INVESTIGATION

The plan of investigation was divided into the following
two parts: (1) to determine the 1ift, drag and torque graphs,
from static tests, for all sections being considered that have
not previously been tested; (2) to determine the stability
response graphs, over a practical range of wind velocities, for
sections subjected to either vertical motion or torsional motion
at mioué angles of attack,.

The following sections were considered:

1, A flat plate.



2. An "i" section with a seclion ratio {d/t) of 0.20.
3. An "i" section with lateral slots and fins,
Le A flat plate modified with details to represent a proposed

design for the Tancarville (France) suspension btridge.

Ce APPARATUS AND HATERIAL

l. The models used in this investigation were constructed
entirely of aluminum except for the Tancarville model which was
a combination of aluminum and wood. All of the models were 18"
long and approximately " wide. IFnd plates were employed in all
tosts to maintain two dimensional flow, i.e., to give an aspect
ratio of infinity,

2. All tests were conducted in the Virginia Polytechnic
Institute wind tunnel. This tunnel is a horizontal single return
type with a three foot circular open test section. Its 35 horse-
power D,C, motor is capable of producing wind velocities up to
150 miles per hour,

3. 1In the static portion of the investigation the models
were held in the wind tunnel by means of the aluminum frame shown
in Figure L. All the struts were streamlined to reduce turbulence
in the air stream, A top and bottom floor system was employed to
prevent upwash or dounwash from striking the frame.



Tigurs © shows the wind tunnel throat, the recording equipe
ment and the wooden frame used to support the models in the dynamic
tests. The mothods of suwopording the models in the frame for the
differant types of tests are chown in fipures 6 and 7. Figure 6
shows the setup for vertical motion teste. The nmodel and end
plates are rigidly connected to the steel frame., This frame, in
turn, is susvended from the four bar springs as shown in the figure.
The other end of cach bar soring is attached through mounting blocks
to the woodan frame, This arrangenent in addition to the guy wires
as shown allows the model to oscillate vertically while preventing
lateral motion, Firure 7 shows the setup for torsional motion
tests. The model and end plates are commected to one end of a
shaft. This shaft oasses through a bearins held by the vertical
struts and is connected to a bar spring. It was necessary to
streanline these bar sorings and thus they do not show in the
photograph. They are undernsath the circular streamlining vanes
seen in the nicture, These springs fasten to the wooden frame and
the complets arrangement is such as to let the model oscillate
torsionally but not vertically or horizontally.

Lie Different methods were employed for changing the angle
of attack. In the static tests a protractor was mounted to the
model, with a reference mark on the frame. The modal could be
rotated to any desired angle relative to the frame and that angle
read directly from the protractor. In the vertical motion tests



the mounting blocks used to hold the snrings to the frame were
milled to the desired angles and the angle could be changed by
substituting different mounting blocks, For torsionel motion
tests the method used was somewhat similar to the static tests.
The clamps that held the springs to the wooden frame were made

in two pieces such that one pisce could be rotated relative to the
other. Changes in the angle of attack were made by changing the
relative orientation of these two pileces.

S« The velocity of the air stream was measured in two ways.
For velocities below 1200 feet per minute an Alnor Thermo-Anemoneter
was used and for velocities above 800 feet per minute a micromano-
meter connected to two static tubes inside the tunnel, was employed.

6. In the static portion of the investigation the wvalues of
1lift, drag and moment were obtained by using the four component
balance system that is an integral part of the V,P,I, wind tunnel,
¥ith this system it is possible to read the values of 1lift, drag
and moment to 1/100 of a pound.

In the dynamic portion of the test the value of the logaritimic
decrement was obtained from a time displacement curve as follows.
The amplitude of the first cycle was measured, Next the cycle with
an amplitude of half the amplitude of the first cycle was located,
The number of cycles necessary for the viltration to reach half its
initial amplitude could then be determined. From this information
the value of the logarithmic decremwent was found using the formula
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Fige 6 "H" Section in Vertical Motion Setup






5 = % In X/ whore 6 is the log decrarand, n the number of
cyclas necessary to roduce the amplituds of vibration to half the
initial wulue and X /X" is 2,

This curve was obtained Zrom a Prush Jscillograph used in
econjunction with a linear variable differaentisl transformer (LVDT).
The is a transformer containing one primary and two secondary
windings, wound in a single coil. Centaered in the coil is a
wovable iron core. A relative movement batween the coil and the core
changes the inductance of the circuit. This change of inductance
is convarted to strain, or cdisplacement, by clectronic circuits of
the rocording equinuent, which are an integral nart of the LVDT.
There are two sccondary windings, wound 180° out of nphase, to enable
the recording equipment to roecord the direction of the displacement
as well as the magnitude,

In these testc tho coll was mounted on the wooden frame and
the core was fixed to the model and thus the relative displacement
was deleriined. A Dermanent record of the displaceuent was made
on a moving tane by means of the Erush oscillograph. Since the
spead of the tane was knoun the frequency of vibration was easily
deternined from this record.



D. METHOD OF PROCEDURE

L. Static Tests

a. Determination of Tare. In ordsr to determine the effects
of the frame, struts, etc., the model was removed from the fraune
and the values of lift, drag and moment of the frame were taken.
This gave a flow pattern similar to that experienced by the franme
during the actual tests.

b. Dynamic ’ressure. An actual dynamic preasure ( ©° V'/2)
of 2.,67" of water was maintained throughout all tests. This con-
atant pressure eliminated the need to correct for differences in
temperature and alr density.

c. Test Procedure. The model was held stationary in the
air stream by means of the frame shown in figure L. The values
of the 1ift, drag and moment were read from the scales in the
tunnel pit. The first set of readings were taken with the model
oriented at =127 to the air stream and subsequent readings were
taken overy two degrees thereafter until an inclination of $12°
was reached.

2. Dynamic Tests.

a. Determination of Tare. In order to determine the effects
of the frame, struts, etc., a rectangular strip of steel was sub-
stituted for the model and tare readings were taken in still air,
This steal strip was the same weight as the model so that the same
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frequency would result. The strip was placed so as to offer as
little area as possible in the direction of motion,

b. Test ‘rocedure. The models were held in the air stream
by means of the frames shown in figures 6 and 7. Two methods were
employed depending on the smount of damping present in the system,
I1f the section was stable or the amount of instability was less
than the structural damping of the entire system the following pro-
cedure was used: the model was displaced a knoun amount from its
equilibrium position and held there by a trigger mechanism, Wwhen
the air strea: had reached the desired velocity, the model was
released and allowed to oscillate freely in either the vertical or
torsional mode of motion, A time displacement record of this de-
caying motion wss recorded by the oscillograph and the log decrement
conputed from this record.

In the case uhere the instability exceeded the structural
damping, the modsl was held in its equilibrium position and then
released. As its motion increased in amplitude a record of the
displacement was made by the oscilligraph, The decrement was come
puted as before but the values were recordsd as nsgative. The
decremaent found from these records is for the frame plus the model.
To obtain the results for the model alone the tare readings were
subtractad from the combined resdings.

The first set of readinge was taken in still air and sll
subsequant readings taken as the velocity ratio (V/Nb) was in-
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creased in small increments. The final readings were taken at
velocity ratios of 5 or better, with the final reading depending
on the frequency of vibration as well as on the maximum velocity
that could be convenlently reached. This procedure was repeated
for each model oriented at 0°, 41,5° and 45° to the wind, for each
type of motion.

Es DATA AND RESULTS

1. Static Tests, After the lift, drag and moment for each

section had been found, the corresponding coefficlents were cal-
culated from the formulas previously given, Because of the slight
inclination of the air stream (approximately =1,59) the curves did
not pass through the origin and therefore it was necessary to apply
a correction to the results. The correction, which was made
graphically, wvas as follows:
(1) For Lift and Moment
a., The curve and axis as determined from the
actual tests was traced.
b. This trace was rotated 180° and matched with
the actual curve,
ce The actual curve was then traced with its
axis.
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d. The mean of these two curves and axes was taken
as correct and plotted in this report.
(2) For Drag -~
A similar procedure was followed for ths drag
correction except that in step b the curve was
turned over instead of rotated.

2. Dynsmic Tests. The values of the dacrenent for each model
were calculated from the vibration records by the formula previously
stated. These values wers plotted against the velocity ratio (V/Nb).
The correction made for the inclination of the air stream was to add
1.5° algebraically to the measured values of the angle of attack to
get the true values,

3. Results. The results of this investigation are given in
the following curves. The static curves for the flat plate and the
"H" gection with d/b = 0.20 were taken from the thesis of Frederick
and Esm.( 12)

a, Static Teasts. The first three curves are the results
of the static tests conducted on the flat plate. They indicate that
this section is vertically stable to the same degree when the angle
of attack is between =5° and 45°, They also indicate that the section
istoruimallyat&blohthosmdagruomttuontmmomud.

For the remainder of this thesis the results of static tests
will only be interpreted between the valuss of =5° and #5° for the
dynnicummdwvwitythes.mulumonlyoondumdboo
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tween thesa values of the angle of attack. FHowever the range of
evaluation can be extended using the criterion stated on page 18
concerning stability and the slopes of the lift and torque graphs
(corrected for drag).

be Dynamic Tests. The method used in computing the
logarithmic decrement involved & large number of cycles and there-
fore it was necessary to work with different amplitudes. JIince a
wide range of smplitudes was being used it was decided to check the
effact of amplitude on the final results. Figure 9 shows the effect
of different amplitudes on the stability response of the flat plajt.e.
As can be seen from the curves the numcrical values of the decrement
are slightly increased as the initial amplitude increased. However
this increase is small and the general shaps of the curve is un-
affected. In the usual cass the shape of the curve rather than the
actual numerical value is sought and this method offers results
within the range of accuracy required,

During the investigation a question arose concerning the effects
of frequency on the final results. According to theory the frequency
should have no effect on the final results During the investigation
evidence was found that seemed to contradict this idea. Three tests
were conducted to determine this effect and the results are re-
corded in Figures 10, 11, and 12, As the frequency is increased
the degree of stability seemed to increase and the final shapes of
the curves also changed to gome dogree. As far as basic stability
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is concerned the discrepancy is mot serious, as the overall
characteristics of the section remain unchanged. The tests
reported in figures 10 and 11 were all run at the same initial
amplitude, Figure 12 is the result of varying both the frequency
and the initial amplitude so that the ratio, V/Nx, remained
constant. In this ratio V and N have the same meaning as before
and x is the initial amplitude. The form of this ratio was
deternmined from a consideration of dimensional analysis, assuming
amplitude is a factor in the final result. Considering these
results it seems as though the frequsncy has no effect on the
fingl result provided the initial amplitude is adjusted so that
the amplitude ratio remains constant throughout all tests.
Naturally no conclusion can be drawn from one test but constant
value of Nx seems to be the key to testing when it is necessary
to use different frequencies.

Figures 13 and 1l show the effects of different angles of
attack on the stability response of the flat plate., When the
section was oscillated vertically, it showed complete stability
over the entire range of velocity ratios considered. The angls
of attack had a very small effect on the final results, although
the degree of stability did increase slightly as the angle increased.
This increase wes small and it did not affect the final shape of ths

curves appreciably.



G Tﬁ
‘.ficj e

06 L

%
f L
;,di;:,ﬁ

y——*.—.].«
5
= i

V'S0 N 3owm
CTDIUINIE RIUTI LUAC "UHUI W ST 01 0T W N1



i
T
i
|
ElEs
|
!
}
|
i
3!

|
V/nb
{

|
1

Bl 1. | e

(W T I
t {
44 t l : |
)
i

VE

1.0°-0:

TACK

|
|
STABILITY

}

|
i
SRS FEEAT BRI
i
FEagaas

Lol

FOR FLAT PLATE
TTA
| Plrooze |||

t
8 U
{

6
ONAL
| RESPONSE. CL

| e Lzl
g e
| | | | TR
3ozases:jssaspyaed cpagey, . e ” 'e)
| ] E2S. 1Y Rad:
, § . HERa B BEY
3 4 | —— } ore _E
3 t,“:l i ke gk Tt 3! o U,.-x.ri ¥
8 4 o B 2] 5% nAnkEH |
bl s =
| “ ,O m
= i

I

M
AEEEstiEREt b

|

i

w | |
SRR 208 a0 o[ & e A = B ettt S i 3 Ui '
I Wi ; i . | t 1 | | e
1 | } ] ; ] { ! 4 |
1 i 1 ! ! ! ! il i =
: ok I ? T { ! 2 ' ] 1
v ; ! I | i1 i ! i
: e Lo e e ERCEECaERS S ke dn s Bhe| m;- _
3 351 i ) ! 1 s et t | } { 3 !
(H u “ _d ﬁ | “ ! B
. | H | ! : - 4
= t b { | t 1 1 —
“y _ ‘ N ! } { | " ) [ i
| i i i } i Lt 1 {
— L B B G R2Eas Cmmtis gauEn suyh: James uxwn S 7y oy Ahead SEwns nrawn phe u YUY axgng pmaad AR . S ETAI  ai s
| u | { |

FHBVIESNEL 1 e L e Airavis ]
kR g hol lsaamvA L g

—>




e S5LES me TS BN K8 EERAN iy = ‘,v.,@....f.é 2! e NH > wﬁ.m+ seiian b * et

e

s
!
|
t
|

ik

i TN i i
b b =g 1 J k
i ! Engiy 0 a TN i i ;
Ems ol w Q REeE IR Ir./ e 5 s jEz2c]
e e ik B daans =
“ ‘, ! 28 e b 1

LW e

b ez

dngsdsud il B e s e L Anamn 65 s

MRS R e R Aok e
S5R ] ey asedcusss deghl o d MSEAEanal L mYEdoy pRany Rapal ERASRRARA: RARHE LABNE AeRzi fyuztan M
EeRERRuy BRaun et uh Gl gl Se kGRS borrre e SEENd plszaaval anen 30w

J.‘
PO R BE S EEE eus Ry RS e

/
i ‘p :
10




S org = e gy

i

el g
4 oo .

e

s manas i i
peati M ﬂ e e
e e
i i { | } !
L

e i et i » :1'4

; , A
i | t : 4

S BERAE SESEE SEabuts MRS SesS

et e i BT e epo

,_ ! ! i { S R {
i
| |

ROREE - SE R R S5 K

i xa«f&

i
h.c 39

on

!.‘4 ot lTI.

,-JK’-} |

i
QY18
Wy

Bt

19200+ Was

7-.1“ :

% A4 &Jv ¥o+f s

10.,.0 ,n‘_u,z |

.:

‘»!

el fm.,uE.ﬁl Pﬁ#?&oh&?»
e

20 c....ﬂvgrl wwz«%&aumafn.s_

ﬁ..._..%_. erin o e
?
\
\

s s .l»."nlv:‘\.uilailli IL e e

{
1}

|

S »J_wlll e e B SR \w‘i& et st

:ﬁ&

_

w -
] ol
fu
oLl
i

_ 1

S ARSI SpSRe

—— T«lll% eyt

nltsﬁ‘!...ll e ~»|+ Ak A
b 1 : P ——d

—pae ;\| I et by S

L
| > |
*%4»
A~
i
S
|
|

| {
3 | |

t
Ee

3
i

|

t

iigRE
1

_~

i . |
: . | | .
r s - e B et W )
PSR ETESE S ' !
{ } | | ! i | i
{ e R ey i Aot

i
|
t
=
1
_
K
|
_

H

{

{

_,y !

i
i
|

SUNGHE RENSE SERSN SUSeS v

i i

e e S

AL ?I.l«r_l[! ebiee wu e i w.i» b~ ey ﬂl,:!.»

m

|
1
M
;
i
i
4

R e

SERE SRR P e i fract agud

S S s

. fas _

L% 3, R v LS el e 1
I EEd
i i i
e e P Jrn s nrey

i ! t
i 1 { i
HE i 1 i
i i i ,

| i ji | 2

1

I SRS SR SIS SR S SRR S S

e e s

g o
| | I
R :_hlzlh saad

l
=k
i

ol

Allmav

1
!

| 3

|
|
1
1
!
i

|
Pl

§-r




o EmE

—+
|
i
i
}
|
t

-
ot 4
L=

A

|
|
- / :
1
1
NG

|

T
1
Y AENEE Ah AN NN NN AM S R e SRl RSN AnE
f t;f,,.:\.:B; RN ARREE aE
4

 RESPONS

>

gg

LE R

LT

I I s )

“E T

STAS

| R W

AL

| ANGLE OF ATTAGK | |

o
e

N
T e

i

¥

70

maL o Y 2 e ) iSETR guang
L8t 8 0 0 el 1 g
SEEIEN




<5

¥hen torsional motion was considered the angle of attack had
considerable effect on the final results. At low angles of attack,
(0° & 41.5%), the section was completely stable over the entire
range of velocity ratios considsred. The degree of stability was
almost the same for these two angles of attack although the section
was slightly more stable at 1.,5° than at 0°. When the angle of
attack was increased to #5° the section showed stable characteristics
when the velocity ratio was below 6.l and unstable characteristics
when the velocity ratio exceeded this value,

The curves in figure 15 show the results of the static tests
on the "H" gection with a section ratio, (d/b), of 0.,20. ¥When
vertical motion is considered the ssction shows stable characteristics
over the entire range in question. The section has its greatest
degree of stability when the angls of attack is 0° and the degree
of stability decreazes as the angle of attack increases.

Torsionally the section is unstable over the entire range
considered. The highest degres of instability occurs at 0° and
this instability decreases as the angle of attack increases.

Figure 16 shows the results of tests on the "ii" section when
it is subject to vertical motion., The section is basically stable
although there are same regions of instability. The principal
region of instability occurs betwcen a velocity ratio of 1.5 and
2.1 but the instability is noncatastrophic in nature. Thare is
another region between 0.5 and 1.0 but becausa of the difficulty
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of obtaining reliable data at these low velocities this region is
not well defined., The angle of attack has little effect on this
saction until the welocity ratio reaches 2. Above this value the
section appears to be stable to a greater degree as the angle of
attack increases.

When this section is oscillated torsionally it is basically
unstable. Thers is a stable region between the velocity ratios
of approximately 1 and 2.7, with the exact values depending on
the angle of attack, Thers is another region of stability some-
what belov 1 but this region is poorly defined due to the diffi-
culty of obtaining data at low velocities. Above the velocity
ratio of 2.7 the éoction becomes unstable with the degree of in-
stability increasing as the angle of attack increases. This
instability is of a catastrophic nature.

The results of the static tests conducted on the "H" section
with lateral slots and fins are shown in figure 18. When vertical
motion is considered, the section exhibits a very slight degres
of instability at an angle of attack of $1.5°, and a slightly
higher degres of instability at 0°. When the angle of attack is
increased to 45° the section becomes stable,

When torsional motion is considered the section exhibits
exactly opposite characteristics. It is stable to a very slight
degree when the angle of attack is 41.5°. This degree of stability
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is somewhat higher for an angle of attack of 0°. When the angle
of attack is increased to #5° the section shows unstable charac-
teristics.

The results of the dynamic tests on the "i" section with .
lateral slots and fins are given in figures 19 and 20. For this
particular section the angle of attack is extresmely critical. In
vertical motion the section was unstable at low angles of attack
(0 and 41.5). The degree of instability was higher at O than at
1.5 degrees. The critical velocity ratio for the section at 0°
was .35 and for the section at 1.5° it was L.0. Above these values
the motion was of the catastrophic type. Another unstable region
ocourred for each angle of attack between the velocity ratios of
1.1 and 1.7 but this range of instability was noncatastrophic in
nature, Wwhen the angle of attack was increased to $5° the section
showed stable characteristics. It did, however, have an unstable
range, noncatastrophic in nature, between the values of V/ib of
1.0 and 1.5,

Torsionally the section showsd stable characteristics for
angles of attack of 0° and 1.5°. There was an unstable range at
each angle betwsen the valuss of V/ib of 2 and spproximately 7
but these were not dangerous. There were also some unstable
ranges at low velocity ratios but again the difficulty of getting
reliable data in this region prevents the region from being well
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defined. At the highest angle of attack (5°) there are several
unstabls regions but the final points show the section to be stable.

Figure 22 showe the results of the static tests on the section
model of the proposed Tancarville” Bridge. These tests show the
section to be vertically stable over the entire range considered.
The degree of stability is greatest when the angle of attack equals
0° and this degree of stability decresses as the angle of attack is
increased,

When torsional motion is considered the section is stable to
the same degres over the entire range considered, In this mode of
motion the angle of attack seems to have no effect on the degres
of stability.

The results of the dynamic tests are given in figures 23 and 2.
Vertically the section is stable over the entire range considered.
It has its greatest degree of stability when the angle of attack is
5° and its least degree of stability when the sngle of attack is 1.5°%.

Torsionally the section is also stable over the entire range
considered. The section has its greatest degree of stability for an
angle of attack of S° and ita least degree of stability for an angle
of 1.5°

# This section is one of the designs considered for the proposed
Tancarville (France) Suspension Bridge.
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VI. DISCUSSION OF RESULTS

A. Test Results., In almost all cases the results of the
dynamic tests checked the predictions made oconcerning the stability
of the various sections, based on the results of the static tests.
There were a few exceptions but there are several possible reasons
for these exceptions.

From the results of the static tests the flat plate was pre-
dicted tc be stable to the same degree over the entire range tested.
Thiamtrngfor both torsional motion and vertical motion., The
dynamic tests showed the section to be stable over the entire range
tested when vertical motion was considered., There was a slight
change in the degree of stability with a change in the angle of
attack but this was mmall and did not offer a serious disagreement
with the predictions made from the static testa,

Torsionally the section was stable to the same degree over the
entire range tested when the angle of attack was low (0° or 1.59).
When the angle of attack was increased to 45° a region of torsional
instability developed as the velocity ratio increased above 6.L.
This region of torsional instability is the only place where the
results of the dynamic tests differ from the predictions made from
the results of the static tests., Further tests are needed to deter-
mine the reason for this discrepancy.

The predictions made from the static tests concerning the
stability of the "!I" section ware checked by the results of the
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dynamic tests. The degres of stability was slightly different than
predicted but these differences are small and offer no real diffi-
culty.

A discrepancy arises between the prediction made from the
results of the static tests and the results of the dynamic tests,
when torsional motion is considered in the "l" section with lateral
slots and fins, The static tests show this section to be unstable
at an angle of attack of 459, The dynamic tests show the section
to be stable at this angle of attack, However, the final points
show the curve reducing in slope and it is the belief of the author
that this curve will become unstable and that this is just a stable
region in a basically unstable section. Further tests, at a higher
velocity ratio, are needed to verify this belief. The section at
the other angles of attack in torsional motion and at all angles
of attack in vertical motion behaved exactly as predicted from
the results of the static tests. Former tests on this section
showed it to be neutral, that is having a sero slope to the lift
and torqus graphs at the origin, The results of these tests
seemed to indicate that such sections are not as good as they first
appomdammmlldntausmawtthemaaumﬂvmd
may prove troublesome. Also scals effects may cause a shift in the
curves when predictions made from model tests are applied to the

prototype.
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The final section tested behaved just as the static tests
predicted it would except for the degree of stability. The
difference wes again small and proposed no serious question to the
theory that dynamic behavior can be predicted from static tests.
The main object bshind the testing of this section was to deter-
mine the effects of detail on the final results. As shown in
Figure 21 this section is essentially a flat plate modified by
details, Comparing the results of these curves with those of the
flat plate the following conclusions can be drawn: vertically,
the curves sre almost identical, with the details reducing the
degree of stability only slightly; torsionally the reduction in
the degree of stability is considerable but the same conclusions
concerning stability may be rsached. It therefors would appear that
initial tests for the determination of the most desirable sections
could be made on models void of most details and the more promising
sections chscked on more complete models,

Pe Recommendations. During the courss of this investigation
several points were noted which need furthar study before & dafinite
conclusion can be reached. The effect of frequency requires an
investigation of its own, According to theory thers should be no
effect on the final results from varying frequencies, In this
investigation two tests were run which showed an effect, due to
froquency changes, on the final results. A third test was run
which offers a possible explanation for this difference in results.



lowaver no valid corclusion cza be drawn from these few tests and
tharefore thé author suggests that more work bs done along this
line to determins the complete answer,

It is also rocommsnded that further tests be run on ths flat
plate at hizh angles of attack in torsional motion to determine the
cause of the instability found thers by this investigation. For
the saue reason it is recommended that additional tests be con=-
ducted on the "d" section with lateral slots and fins, subjected
to torsional motion at an angle of attack of 45°%.

Although a very good start has been made toward the final
solution of ths problem of aerodynamic stabllity of suspension
tridges, there are still many sidelines that must bs explored
before the problem can be considered complstely solved.

Vi, CONCLUSIONE

From the results of the static tests the following conclusions
are avident:

l. The flat plate is stable over the entire range tested in
both vertical motion and torsional motion.

2. The "H" section, (d/b = 0.20), is vertically stable and
torsionally unstable.

3. The Mi" section with lateral slots and fins is vertically
unstable to a slight degree when the wind is nearly
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horizontal but as the anrle of attack innreases the
stability also increasses. Torsionally the section is
stable near gero angle of attack but becomes unstable
as the angle of attack increases,
Lo Ths nronosed ssction for the Tancarville bridge is stable
in both modcs of motion over the entire range teeted.
The results of the dynamic tests reveul the sare basic cone
clusions except that the flat plate is torsionally unstable at
459 vhen high welocity ratios are considered and the "H" section
with lateral slots and fins vemains stsble at the highest angle
of attack considered in torsionz] motion, The dynamic tests show
up several unstable regions, norcatastrophic in nature, for the
" gection in vertical motion and several stable reglons for the
sane section when torsional motion is considered. The dynamic
tests show both stable and unstable regions, in both modes of
motion, for the "H" section with latsral slots and fins.
tWhen amplituds is changad the numerical values of the stabllity
response are affectsd dut the general shane of the curves are -
affected. Increasing the initial amplitude increases the stability
of the section slightly,
vhen only the frequency was changed the stability of the
saction was changed with the stability increasing as the frequency

vas increased, However when the value of the initial amplitude was
increased so that the product of the frequency timss the amplitude
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renained constant the final stability response curves were
unafiecieds

“he effects of difforent angles of attack were small exoept
for torsional motion in the flat plate and vertical motion in the
nii" geetion with lateral slots and fins. In Lhe gensral case the
differences caused by the angle of attack occurred onliy at high
velocity ratios and then it only changed the degree of stability
slightly. The angle of attack did change the stability charace
teristics in the above mentioned cases. It made the flat plate
torsionally unstable at $5° whereas it had been stable at the
other angles and it made the “:i" section with lateral slots and
fins vertically stable at $5° whereas it had been unstable at the
lower values of the angle of attack.

These tests indicate that the best way to design the final
section is first to conduct static tests on all proposed sections
and then conduct dynamic tests on the most desirable sections.
The static tests give the basic stability characteristics of the
section but do not show the regions of instability that may be
troublesome. From the dynamic tests, the magnitude of these
regions can be detarmined. Such unstable regions should be mini-
mizsed by modifying final designs and it wounld be desirable to
approach a neutral section. However it is not wise to design a
neutral section for the reasons already mentioned.



It further appears fi.at the initial tests can be conducted
on models void of moat detsils. However the final sections should
be checked on models complete with details.

Modification toward final dosign shovld take the farm of re=-
ducing the positive slope of 1ift and torque graphs without actually
obtaining a ucutral section. The neulral section as explained
previously may prove dangerous if details of the actual bridge
cause a shift to negative slopes. OSmall positive slopes then
present soume factor of safety with respect to catastrophic
instabllitye.

In general, it might be ¢oncludad that the modified flat plate
offers the bast solution, exclusive of truss sections, to the pro=-
blam of asrodynamic instability., If adequate structural stiffness
and strengil can be provided, no asrodynamic proilem occurs at

least for uncoupled motione
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