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ABSTRACT

In this study, the effects of she Scruton number,. a di-
mentionless produc£ of the‘mass and damping parameters, on
the wind-induced fespodses of structures were examined. It
has bksn believeé tﬁat this number can be used as a scaling
baramef?r for tests of sectional models in wind tunnel. The
meaning of this particular paradégg; in wind tunnel testing
is described in the first chapter. Chapter II gives a Sumpa-
ry of similarify reguirements 1in wi;; tunnel teéting an
brief discussion of each dimensionless parameter. In Chaptel
IiI,. a brief review-;f the model 5céiing paramete;s in con-
junction with the study of aerodynamic stabilify of bridges
is bresented. The following chapter describes the experimen-
tal study. Three different éeometrical shapés of structures
were selected in order that wvarious types of wind-induced
dyﬁamic behaviours would be experimentally produced.

It was found that Scruton number can be used as a scal-
ing parameter for the case of wind-induced vortex excita-
tions. However, for the case of.self—excited instabilities
and buffeting response, Scruton number cannot be used as a

single scaling parameter,

~711 -
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Chapter I

INTRODUCTION

1.1 BACKGROUND. AND OBJECTIVE OF THE STUDY

Wind~induced forces acting on structures depend upon
the characteristics of the 6ncoming wind flow and the geom-
etry and mechanical properties of the structure. In the past
half century, ‘there was a development of analytical tools
which enasled éngineers to estfmate, to some extent, various
types of wind-inéuced structural responses, However,_windF
induced‘ﬁﬁéﬁbmena cahnot ibe fully explained yet by analyt-
ical tools alone becaqfifpf the complexity 1in aerodynamic
.properties of the-struétﬁieé involved and also hecause of
the random nature of‘wiﬁd. In_the absence of workable ana-
lytiéal models or of previous exp%fience with similar struc-
tures and gnvironment, the effect% of wind,. therefore, still
ha? .to be determined experimentaliy. In fact, it is still a
normal practice to undertake wind tunnel testing for design
of intermediate and long-span bridges or tall towers and
buildings. This method énables "the designer to investigaté

the aerodynamic behaviour of structures at the design stage

and to avoid any future problems by modifying the pfoposed

k]



2
struéture. Generally, the cost of the éerodynamic investiga-
tioﬁ is ‘Teally a very minor fraction of the construction
cost of the full-scale strucﬁure. Bearlng in mind the sig-
n1f1cance of the p0551ble aerodynamic responses on the final

design, undue restrlctlon of the 1investigation on cost

grounds should be avoided.

In order that test Eesults on reduced-scale models be
applicable to the prototype, it is necessary, in principle,
to satisfy certain model laws or similarity requirements. A
discussion of similitude is presented in the next chapter,
and. it will be seen that compliance with all the similarity
criteria required by theéry is impractical. However, this
may not seriously affect the results from wind tunnel tests
provided that the relaxation of the requirements be properly
considered. The influence of each parameter upon the behav-
iour of a structure, therefore, has to be carefully exaﬂ1ned

"by both analytical and experlmental procedures.

Well-established dimensionless scaling parameters are
essential in wind tunnel modelllng of the bridge dynamics.
In Chapter IIi; a brief review of the model scaling parame-
ters used in modelling different bridges is presented. Vari- -
ables such as wind velocity, bridge width, mass of struc-
ture, aamping ratio, airldensity, etc., are grouped together

to ' form dimensionlesé”tqeling_parameter§ by applying the
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priﬁciples of dimensional analysié.' It will be seen that,
basically, similar parameters have been used throughout the
past four decades for the testing of bridges by various re-

&

searchers.

However, there is one parameter, used by ScfutSh,in
England for his 1investigation of the Severn Bridge (1),
which reveals a concep£ somewhat different from the other
research works. Generally speaking, both mass and damping
ratio of a structure exhibit similar influence on the aero-
dynamic behaviour of the structure. For example, increasing
the mass of a structure may result in reducing its wind-in-
duced response. A similar result can be expected when the
damping, ratioc is increased. Scruton considered that, for

ests gf sectional models in isolated vibration mode, verti=-
iﬁl or torsional, the product of mass and damping ratio of a
ét;giture can be used as one independent dimeﬁsionless scal-
ing parameter (1), . It will be explained in Chapter V that
Scruton's conclusion was based on a .simplified theoretical
approach for the case of vortex-induced oscillations. In his
experiments, \however, Scruton examined the effects of strué—
tural damping only and the effect of change in mass was nev-
ef investigated experimentally (2).

-If Scruton's conclusicn were right, it would not be

/
necessary to model the mass or damping of the prototype ac~-
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cording to scaling criteria so long as the product of mass
and damping ratic is the same for both model and prototype.
A higher value for the mass parameter of the model 'can be
compensated by a lower damping ratio, and vice versa. This
approach is very useful in designing models. since exact vai-
ugs of the mass parameter and dampiag ratio of a prototype
maytggt be easilf obtained. Moreover, dPe to the lack of
reliable information on the actual structural damping of
bridges, only a vague estimate is possible for the latter
parameter. The sensitivity of the response to a change in
the -mass parameter or damping ratio?’ separately, is also re-

quired to be examined.

4¢gﬁpe purpose of this study is to examine the relaﬁion,
if any, between the mass and damping parameters in wind-in-
duced responses of structures, as well as the sénsitivity of
such responses to these two parameters, In order to produge
various wind-induced dynamic behaviours, three different
geometric shapes are selected to form the cross-section of
the modéls. A brief summary-of the mechanisms of wind-in-
duced oscillations is given in the next section. Wi the
mass of the model kept constant, the responses under variduys
damping conditions are obtained and the eéfect of the démp-
ing fﬁtio can thus be éxamined, Similarly, the effectof the
mass parameter can also be examined by varying mass parémé—

ters with constant damping. These two sets of réesults, when
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plotted against the Scruton number,! will éxhibit the rela-

tionship between mass @nd damping more clearly.

1.2 AERODYNAMIC BEHAVIOQUR QF BLUFF BODIES

Wind-induced osgillations of structures such as bridges
are often classified as follows: (1) vortex-indudéd oscilla-
tion in vertical or torsional mode, (2) flutter, (3) insta-
bility in vertical or torsional méde, and (4) buffeting in-

duced by wind gust. These four types of behaviours are

briefly explained in this section for future discussion.

1. Vortex-induced oscillations

A bluff structure, such as bridge deck, when
placed in.a flow, sheds vortices in its wake alterna-
tively from its top and bottom edges. The vortices
give rise to fluctuating bforces, the freguency of
which is proportional to the flow speed: When the
shedding frequency comes close to the natural fre-
quency of the system, vertical or torsional oscilla-
tions can build up a resonance. - Tﬁis phénomenon has
been known as the "vortex-induced oscillation™ and
has often quite significant-conseqﬁenCes at relative-

ly low wind speeds. The detail of this mechanism will

! Scruton number, 2mé§/obd , 1s a dimensionless prdduct of

the mass ratio, 2m/obd, and logarithmic decrement, §

named after C. Scruton in 1983, '




be discussed in Section 5.1.

Flutter

Flutter is a'ﬁind of instability which occurred
when the two dggrees cf freedom of the strucfures,
vertical and torsipnél, are coupled togéther 1in a
wind flow. Generally speaking, flutter occurs at
higher wind ~speeds than . those of vortex exeitation.
and the motion qﬁickly builds up to a very large am-
plitude, sufficient to'cause structuéal failure. This
phenomenon has_ been causing' significant trouble to
aeroplane wings ever since the early days of flight,
It' is known to occur for streamlined structurés such
as aerofoils. However, even in civil engineering
structures, a similar behaviour has been reported
(3). Flutter must be avoided completely by raising
the critical onset velocity to a value beyond the

range of expected wind spéed.

Vertical Instabiligy and Torsional Instability

These are single~degree-of-freedom self-excited
oscillations which are induced by the aerodynamic
negative damping. In the case of vertical instabili—

ty, often called galloping, the lift force is the

'controlling factor, while the torsional instability,

or stall flutter, 1is excited by the pitching moment.

A well-known example of vertical instability 1is the
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galloping of power transmission line with ice. The

‘ fémous Den Hartog's theory was introduced some 50
years égo (4). Stall flutter has been often referred
to in the case of turbine blade failure. Unlike the
“classical“_flutter ﬁehtioned aone, this phendmenon
i's caused by the flow separation f;oﬁ the wing and
hence could occur in any structure with bluff cross-
sections. The failure of the Ta&oma Narrows Bridge

could probably be classified under this category.

Y

4, Buffeting -

Buffeting is a kind of random vibration by an
excitatio% over a wide range of freguencies. Vibra-
tion is induced by the fluctuating components of the
wind velocity. Buffeting can cause both vertical and

torsional motions of structures.

"In the present study, vortex-induced oscillations in
vertical and’ torsional modes, instability in wvertical and
torsional modes in smooth flow, and buffeting in vertical

motion induced by turbulence are examined.

R

v,



Chapter II

SIMILARITY REQUIREMENTS IN WIND TUNNEL TESTING

It is usually impossible to determine all the aerody-
namic behdviours of ‘a strgsture by theories or analytical
procedures alone. The use of model study has primary impor-
tance in this respect. However, a reliable prediction from
model testing is largely based on how well a prototype
structure 1s simulated geometrically, kinematically and dy-
namically by a scaled model. The laws of similitude make it
poﬁsible to predict the performance of the prototype from

test results.

There are three basic types of simiiitude which must be

considered between prototype and model phenomena (5).

1. Geometric Similarity:
The model and its prototype must be identical in

geometrical shape but differ only in size. If the

scale ratio is denoted by A (Lm/Lp), it follows that

areas vary ﬁf and volume as AL3 . Moregover, the
boundaries of flow fields of the model and prototype
must also be geometrically identical. Anything that
affects the flow fiéld of the prototype must be, taken

into consideration in modelling.



Kinematig Similarity:

In addition to geometric similarity, the simi-
larity of the ratio of the velocities (%y) and accel-
erations (Aa)-at‘ali ;orrespgnding points in thg flow
field must be considered. ' The magnitude of these

scaling factors in relation to A;, can be determined

by dynamic similarity.

Dfnamic Sim%larity:
The forces acting on corresponding fluid masses
are related by ratios similar to those ébove. These
are classified as dynamic similarities.‘ Since the
forces acting on the fluid elements will thus contrql'
the motion of "these elements, it follows that dynamic
similarity will yield similarity of.fiow patterns.
Consequently, the flow patterns will be the same.in
the model as in the prototype if geometric similarity
is satisfied and if the relative forces acting on the
fluid are the same in.the model as in tﬁe prototype.
The forces that may affect a flow field are

*

forces due to pressure, Fp ; inertia, Fr; gravity

v’ elasticity, Eé; surfate
tension of liquid, F, and Coriolis accelerations, Fo.

field, F,; viscosity, F

These forces may be expressed in simplest terms as

follows:

Fp = CAp)A = (Ap)L?

2
F. =Ma = pLa(%—) = pv2L2.



In order to
responding force
and prototype.

follows:

. 10

Mg = pL3g
dv. Vye2
u(dy)A u(L)L nvL
EA = EL2 (2.1)
gL

MoV = pL3qy

obtain dynamic similarity, all cor-
ratios must be the same in the model

These relations can be expressed as

F.'p F.m Ap

- V3 _ ov? e
( )p = cAp )m Euler number, E = V Tp

<F—;jp T nm G, - BB, reymolds nusber, 7 - I
éz_;)-P = (%)m =-;.(%Z-)p = (g—:)m P:roude number, F = —/:T—g
(%)P - (:"_:)‘m N (E%?—)p = (¥)m‘ Mac.'n number, M = V/%? (2:2)
(_:‘_I)p = (g)m B ("%ﬁ)p = (%‘E‘)m Weber number, W = v

T T '/0’—/_Dz
(i—z)p = (%)m = (%)p = (X—Q)m 'Ross’by number, R = X_L

sy

B e e
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It will be noted that only five of these egua-
tions are independent, thus, if any'five of them are
siﬁultaneously satiéfied, dynamic similarity will be
ensured. Fortunetely, in most engineering problems
five simultaneous equatjons are not necessary, since
some of the forces stateé above (1) may not act, (2)
may be of .eegligible ﬁagnitude, or (3) may opp?se
other forces in such a way that the effects of both
are cancelled.

All -the dimensionless parameters stated above
are flow properties. Other parameters which are re-
lated to the ff&ld propertles are Prandtl (P, ) ~and
Schmidt numbers (%2). Moreover, parameters related to
the inﬁeraction~\betWeen,the. flow and structure are
reduced, velocity.and the ratio of the air -density ;o
the density of the structure. The damp;ng parameter
must eleo‘be modelled in order- that the dissipative
energy due to strpctufal,damping\ij;prope;ly account-

ed for. o

Because of the complexity of the fluid phenomena, it is
worthwhile to discuss the significance of the dimensionless
ratios stated. ab0ve in order to enable one to simplify a /

problem by the elimination of the 1rrelevant negligible, or

compensatlng forcef,

Reynolds number: .
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Reynolds number becomes a significant factor when the
frictional force due to viscosity pléys an important role.
Typical example is the flow of a fluid through a completely
filled conduit or when the flow speed is slow. Reynolds num-

ber similarity will be discussed in detail later.

-

Froude number:

This is the rat@o of 1inertia force to gravity force.
Systems involving gravity and inertia force include: surface
wave acﬁion, flow of water in open channels, aerodynamic be-
haviour of cable-supported structures such as suspension
bridges and other cases.where gravity is a dominant factor.

Buoyancy effect can be considered as the negative gravity in

this similarity requirement and "densimetric Froude number"

i1s considered for such cases.

"Mach number:

Where the compressibility of fluid is important, it is

" necessary to consider the ratio of “the )£luid ,velocity to

that of a sound wave 1in the same medium. This ratio is

known as the Mach number.

Weber number:

In some cases, the effect of surface tension may be im-—
portant, but;in many cases it is negligible. The square root
of the ratio of inertia force to the surface tension is

known'as the Weber number.

Euler number:

o
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A dimensionless quantity related to the ratio of the
inertia force to the pressure. .

Rossby number:

The Rossby number is the ratio of the local accelera-

tions to the Coriolis accelerations.

Prandtl number:
The Prandtl number is the ratio of the momentum diffu-

sivity, or kinematic viscosity to the thermal diffusivity.

Schmidt number:

The Schmidt number is the ratio of the momentum diffu-
sivity to the mass diffusivﬁty.' ‘

Fortunatély, for most of the model tests in wind tun-
nels} the satisfactidn of all force ratios is not n€:;ssary.
For air, the Prandtl number does not vary much with tempera-
ture, When air is used as--the medium for modeliing, the
Prandtl number in the model and prototype will be ﬁearly the”
same (6). Moreover, the Schmidt number will be nearly the
same ih\the model as in the prbtotype if air is used as the
medium for modelling (6). The effect of Rossby numbe; can
also be ignored unles5 local wind acceleration is of signif-
icant magnitude compared with the Coriolis accelergtion,
which ig qpifﬁely for ordinary wind tunnel testing of struc-
tures, If dynamic similarity exists, ig follows that the

‘pressure coefficient will also be the same in the model and



%

;
J
L

. I 14

i.prototype.' 1f the order of wind velocities involved in ei-

ther model or proéctype is' such that the compressibility of -
the air may be neglected, and if sﬁrface'tension is irrele-
vant, the remaining parameters needed to be satisfied are |
the Froude number and the Reynolds number.

From the foregoing discussion, iflthé.Reynolds number
of a model and its prototype are the same, the velocity
scale ratio lv must be equal to the model-to-full-scale ra-
tio of_v/L. However, if the Froude number similitude needs
to be 95atis'fied, the velocity scale ratiqlv must be equgl

to the model-to-full-scale ratio of VgL .

'F:om above: " -
v vy
N T /T, ~ (2.3)
|- .
—~ Ay = ULl /0L o2

i

Taking 'g’' to be the s for the model as for the pro-

totype, and solving these equativhs yields (h03/2==vmh$ .

This indicates that the relationghip between the wviscosities

S
once the model scale has

of the fluids can be established
been sq}ected?.or vice versa. This means that (1) a fluid of,
appropfiaté"viscosity can be found for the model test, or
(2) if the same fluid is used for model afid prototype, ‘the

model must be as large as the prototype.  Since »in most of
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wind tunnel testings, ‘the same fluid {(air) as the prg?otype
is used for the model test, and full-scale modelling is ob-
viously impractical, engineers are forced to choose one of
the two equations, Eqs;" (2.3) or (2.4), 1if both fluid vis-

cosity and gravitational acceleration are to be considered.

As a practicé, by experience, Reynolds number is’neg—
lected in most of wind tunnel testings due to the belief
that the viscous forces are small and relatively unimportant
compared to the inertia forces 1in air. However, this as-
sumption must be carefully examined. As is well' known (7),
when the solid boﬁndarf of flow field has curvéture, such as
in the case of a flow around a circular cyiinder, with the
Reynolds number ranging from 3x10% to 3x105 based on the
cylinder diameter, there is a drastic change of the flow
pattern around the body. The most apparent change is the re-
duction of the wake width immediately behind the cylinder
'ﬁoiﬁts. There is a

‘ _ .
corresponding reduction of the drag coefficient, CD, and an

caused by the shift of flow separation

increase in the frequency of formation of the vortices in
the wake, It is important, therefore,ithat, in modelling a
structuré with circular cross-sect}ons, ‘these effects are
propefly taken into consideration. A similar consideration
is required for any other structures with curved sufface ge-
ometry. Compensation of the difference in C, is necessary

if prototype '‘Reynolds number is above its critical value and
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yet the model value 1is below critical. The value of the

critical Reynolds number is also dependent on the surface

roughness of ‘the cylinder and the turbulence level 1in the

approaching air flow.

There are other Reynolds number effects. In the case of
the flow:over rectangular cylinders, for example, the sepa-
ration points do not shift with the Reynolds number due to
the existence of sharp corners. However, broad wake after
separation from the upstream corner may reattach to the sur-
face of the body and consequently, depending on the aspect
ratio of the rectangle, the wake may become narrowe; com-
pgred to the case without reqttachment (7). Tﬁis results in
a reduction of the value of Cp and a2 higher value of the di-
ﬁensionless vortex frequency, the Strouhal number, §. The
length-to-width ratio of a rectangle at which this change:
occurs depends on ﬁhe Reynolds number, the corner radﬁus and

the airstream turbulence level.

As mentioned above, the genefally inadequatfe duplica-
tion of full-scale Reynolds number may cause discrepancies
between test resulté and full-scale measurement. However,
the condition of oncoming wind turbulence and the model sur-
face goughnesé'may cause this discrepancy too. In problems
involviTEﬁfandom_ excitétion of the structure due to wind

gust, 1it7is necessary to simulate the velocity spectra cor-
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rectly. It is pointed out by Townsend (8) that the struc-
tuigs of turbulent flows are very nearly similar for all
Reynolds numbers which are large enough to allow turbulent
flow. As mentioned previéusly, it is impractical to satisfy
the Reyndlds number similitudé in usual wind tunnel test-
ings. As such, the above fact is significant when models are
tested in turbulent flow. However, the Reynolds number goes
play a part in tﬂe existence of the inertia subrange ;{ the
energy spectrum. As the Reynclds number increases the'
large-wave-number end of the distribution will be/extended
so that the total dissipation of turbulence en g§ remains
unchanged. ©On the other hand, when the Reynolds number is
small, the ratio of the size of the dissipat%h" eddies to
that of the energy;containing eddies becomes ;arger and con-
sequently, the shabe of the  energy spectrum bécomes\fighly
«dependent on viscosity. The results of this is inacgurate
simu;;tion of.‘turbulence structure due te narrower i:Lrtia

el
subrange.

In the foregping discussiqn, it is mentioned thsﬁ/it is
difficult to satisfy the Reynolds number rgggi;eméat. How-
ever, it is also mentiongd that, to a ?@ain extent, the
Reynolds number does play an important/rcle in the flow pat-
tern, In reality, as it can be seen iﬁ/g;e next chapter, tﬁe

Reynolds number requirement has been neglected in most of

wind tunnel testings because of the assumption that the flow

. b '“
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‘around bodies of sharp-cornered shapes were insensitive to

the Reynolds number effects,



Chapter II1I

REVIEW OF THE PAST STUDIES

3.1 BRIEF HISTORY OF STUDY OF AERODYNAMIC STABILITY OF
BRIDGES

Wind effect on bridges is not a new subject in the his-
tory of wind engineering. In fact, the history of modern
suspension bridges since the end of the 18th century regis-
ters constant struggle of engineers against wind. There have
been many famous incidents in which major bridges were seri-
cusly damaged, or even complefely blown down by wind, How-
ever, systematic studies on the wind-resistant designs of
bridges, especially using wind tunnel facilities, do not en-
joy such a long histery. Not long before the Tacoma disas-
ter occurred in November 1940, long-span suspension bridges
such as the George Washington Bridge, the Bronx-Whitestone
Bridge in New York City, ‘and the Golden Gate Bridgé in San
Francisco were completed and oscillations of these bridges
were reported (9). However, not until 1950, ten years after
the cellapse of the Tacoma Narrows Bridée, were model tests
of the above-mentioned bridges carried out. At the wind tun-

nel of the University of Washington, both sectional and full

_19_
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model tests of the Tacoma Narrows Bridge were carried out By
Farquharson, et al- (15). The above-mentioned bridges were
also tested using sectional models at this laboratory. 1In
designing the sectional models, the same similarity criteria
as the ones used for the Tacoma Narrows Bridge were fol-
lowed. The new Tacoma Narrrows Bridge was completed at the
end of 1950 aﬁfer the series of wind tunnel testings. Also,
some reinforcements to the other bridges mentioned.above had

been introduced based on the wind tunnel test results,

During the years 1946 to 1951, the investigation of
aerodynamic stability of the proposed Severn Bridge was car-
ried out at the National Physical Laboratory of England by
Scruton; et al {1). Both the full and sectional models were
tested and all the results showed very good agfeement.be-
tween the two test methods., The section decided at this
time was actualiy used for 'the Forth Road Bridge, the first
long-span suspension bridges in the U.K. since World War II.
Later the Severn Bridge project was revived and the NPL
again undertook the wind tunnel investigation. The adopted

section for this testing was a streamlined box girder.

There were many other wind tunnel studies on aerodynam-
ic stability of bridges. Vincent's studies on the Golden
- Gate Bridge, as well as other bridges at NBS, are well

known. Selberg of Norway, Rocard of France, Kloppel of Ger-

-,
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‘many, Hirai of Japan were the people who founded this field
from the 1940s.through the 1960s. 1In Canada, the Low Speed
Aerodynamics.Laboratory at.the National Aeronautical Estab-
lishment, NRCC, led by Wardlaw, and the Boundary Layer Wind
Tunnel Laboratory, the University of Western Ontario, headed
by Davenport, have been most productive Qorking in thién
field. Typical testings carried out at the NAE are those for
the Pasco-Kennewick Intercity Bridge,l the St. Johns River
Bridge, the Longs Creek Bridge, the Annacis Island Bridge,
the Lions' Gate Bridge, and the Quincy Bridge, etc. West-
..ern’'s BLWT has tested the Golden Gate Bridge, the Bronx-
Whitestone Bridge, the Thomas Mckay Bridge, the Weirton-

Steubenville Bridge, and the Sunshine Skyline Bridge, etc.

The concept of ;winé turbulence was introduced to wind
tunnel studies in the early 1960's. However, it is still not
a8 common practice to test bridge models in turbulent flow.
Not much research work has been done to compare results from
two different flow conditions. Recent studies on the Lions’
Gate Bridge in Vancouver and the Annacis Island Bridge over
the Fraser River at New Westminster included testings in
both smooth and turbulent flow. However, as fé? as the simi-
- litude requirement for the model comstruction is concerned,

similar parameters were considered in all the testings.
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3.2 REVIEW OF TYPICAL WIND TUNNEL STUDIES
N .

Three partiéu;ar model tests are reviewed here to exam-
ine the similitude requirement to wind tunnel test bridges.
. These are the studies on the Tacoma Narrows Bridge, the Se-
vern Bridge, and the Palmerston Bridge. They were selected
" because of. the reasons given below, The testing of the Ta-
coma. Narrows Bridge initiated development of the aerodynamic
study of bridges as a scientific discipline. In that re-
spect, it is important to :e%iew the similitude requirement
of this classical study. Both the full and sectional models
were investigated in the wind tunnel. In designing the sec-
tional model of the Severn Bridge, a new approach was intro-
duced by Scruton, who suggested that the mass parameter ard
the damping ratio could be combined as a single parameter in
modelling. This was a ngQ concept in modelling. in testing
the model of the Palmerston Bridge, the concept 6f general-
ized mass for the interpretation of test results for full-

scale prediction was introduced.

1. Tacoma Narrows Bridge
After the failure of the Tacoma Narrows Bridge
in 1940, both sectional and full models of the bridge
were constructed for the full dynamic testing. = Tht

experiment was carried out at the University of Wash-

-
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ington, -and at the California Institute of Technolo-
gy. The project was managed by F.B. Farquharson, G.
Vincent and T.. von Karman. In this series of wind
tunnel tests, the Reynolds number similarity was ig-
nored. "With the experience in the general field of
hydraulics and aerodynamics," said ,?arquharson (9 ),
"..... and in particular the case of blunt bodies in-
volving sharp corﬁers, the effect of viscosity is
negligible," Thié‘ assumption has ‘been well-accepted
since then and there are many experimental evidences
which prove .Farquharson's view. With this assumption,
the Froude number constitutes‘ the ﬁotal similitude
requirement. Possible problems by negligence of Rey-
nolds‘number similérity are as discussed in téé p;e-
vious section. It should be noted here that the wind
tunnel tests of these days employed only smooth flow
without any simulation of natural wind turbulence.
The model scales, with fespect to the Froude

number similarjty, are listed in Table 1 (9).

However, there was one practical difficultys 1if

the model were to be an exact replica, it would\ be
necessary to use materials having lower moduli
elasticity, E, than the prototype materials in pro-

-portion to the geometric scale ratdis A;. Even if such
. * <3 .

-



24
material doés exist, it may not possess the other
necessary propert{es such as workability and suffi-
ciently low damping Characterisfics. Alternatively,
the scaled stiffnesses can be made correctly by com-
bining E and 1 into one pafaméier for bending stiff-
ness EI and G and J for torsional stiffness GJ. 1In
modelling cables, the cross-sectional area, A, can be
modified so that axial stiffness EA can be used as a
single parameter. In constructing the full mgdel of
the original Tacoma Narrows Bridge, a linear scale
~factor of 1:50 was adopted. Due to the.unavailibility
of suitable materials in modelling the girder, an
equivalen£ structure which provides proper elastic

properties was used.

As the structural damping of 7;he prototype

. X !
bridge is not known,. the damping requirement for the

T

model can only be determined app*oximately. It was
concluded that the frictional damping should be re-
Qucé& to the lowest possible value. Great care was
taken in tge design of the model to insure that this

level of friction could be maintained over a long

T periad of time. Such a model with the lowest possible

aamping would further afford opportunities to study

the effect of increase in damping.

~ .
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on Nov. 7, 1940, écqosding to the eyewitness'
account of the faidure bf the Bridge, a single ampli-
tude of up to 45° was observed prior to the failure.
The corresponding wind speed and ~ frequency observed
were said to be 42 mph and 14 cpm, respectively, With
the width of the bridge equal to 39 ft, the failure
of the bgidge probably occurred at‘a reduced wind

speed; V/%?b, of 6.8. Interpretations for this wind

speed are many. First of all, it is not clear where

and how the wind speed could be determined. No infor-

mation was available about{,the exact wind direction.
It is not even known if this "critical" wiﬁd speed
corresponds to the onset of instability or the final
Stage of collapse of the bridge. Consequentlf‘the

comparison of this field observation with the labora-

tory test results is .somewhat obscure. ‘However, " the -

following comments can be made in this regard: The
eritical V/NTb for the onset of instab{lity obtained
from full bridge model tesﬁ was 2.34 with structural
aamping of 0.54%./With two values of structurél damp-
ing, 0.17% énd 0.4£;T;‘the V/NTb obtained from the
section-model test were 2.07 and 2.50, respectively.
Due to mechanical limitations, these tests were ter-

minated when the single amplitude of the . models

reached approximately 12°. Nevertheless, the growth

of vibration amplitude was found to be rather gra%gt\_

4
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al. The wind séeeg reading correségbding to the maxi-
mum amplitude of 129 was almosf} wice as high com-
pared with the.onset critical spé%d. Due'to ?he laﬁk
of. accurate field measuremenﬂs*_péfpiculafly in esti-
mating the structural damping.bf;Jthe bridge and wind
speed reading, no definite .comparison cqn“ be made

with the~test results, - -

Severn Bridge
—~—

During fﬁe @e;iod'?f 1946-1951, both sectional
models and full models in theilinear 5;51&5\5f 1/32
and 1/100, respectively, qefg”made to investigate the
aerodynamic stability of the proposed Severn Bridge
at NPL (1). R.A. Frazer and C. Scruton were in

charge.

In designing the full model, all the model scale
requirements were exactly the same as those used in

modelling the Tacoma Nag;ows Bridge. The Reynolds

number fequiremént*ﬁas*again disregarded for the same

by
reason (9). = Reference, on this question, was also

made regarding the "satisfactory" correlation between
the full-scale measurement and the results from the
tests of the model of .the Tacoma Narrows Bridge (9}.

As discussed in the previous section * it should be

G
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noted that this remark about the'“satisfdctory" cor-

relation is

questionable, The similitude require-

ments were summarized by Scruton in the -following

way.

_ a)- I/ﬁb“‘ , .m/pb2
by kp/ (V) i/ (ov?)
(3.1)
c) * gbh/v2
d} Sy 6Bs;
where I = mass momentlof inertia per unit
length, |
M = mass per unit length, A
kr = elastic stiffness correéponding to'Iz
, l% = elastic stiffness corresponding to m,
p = a{r density, X
b = width of bridge, | _ g
V = vwind speed,

'GT = logarithmic decrement for vertical
oscillation due to structural
damping, -

énd GB = logarithmic decrement for torsional

jé

oscillation due to structural

damping.

o~



However, cgnditioﬁs'of sfmilarity with sectionall
models are somewhat different. The inertial coeffi-
cients. of sectional models must iﬁciude total contri-
butions from both the suspended strﬁéture and the ca-
bles. The stiffnesses for the model are.provided by
artificial'springs to give the required frequencies
of oécillation and the model itself was constructed
.és a rigid body, wunlike the corréctly'proportioned
gravitational and elastic stiffness of full models.
Since the gravitational forces do not affect the mod-_
el dynamics forﬁthe case of sectional models, the pa-
rameter (c) above was therefore omitted. ~The appro-
priate parameters for the sectional model were then

expressed as follows:

a) I/pb* , m/pb?

(3.2)
b) . V/Nb o, V/Npb

X
o
1]
—
1]
A
1]

natural frequency in torsion,

'Y
=]
(o7
A
]

natural frequency in bending.
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In this casé, m and I represent the total con-

tributions due to the suspended structure.and the ca-

;bles of the actural bridge,' Since the Froude number
similarity is not required anymore, unlike the full
model scaling,- the velocity scale can be decided by
the relation to the ffequenéies. The only relevant
parameter is.noq given by (b) above. It was also
concluded by Scruton in another paper (10}  that if
"the fesponse frequency at resonance is approximately
equal to the natural freqhency, and with the motion
only in isolateé'séngle ﬁoée of vibration, strict in-
ertial scaling is not essential and that the critical
values of Vr depend only on the geometric shape of
the structure and on the products of parameters (a)
ando(c)jabove. + This theory will be introduced later
again in Section 5.1. In conclusion, only the follow-

ing two parameters were used:

4 2
a), I6,./0b »  mi;/pb

. (3.3
b) v/NTb s V/NBb

~

The bridge tested here was later adopted for the

'_Forth Road Bridge. There has,begn no report of full-

Lo
- o~

scale observation of wind-induced response of the

‘bridge siféé then and no comparison can be made with

the test results.
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’

Palmerston Bridge
-
A 1:60 scale sectional model of tﬁé new Palmer-
ston Bridge, Pugwash, Nova Scotia was wind—tunnél

tested in smooth and tgrbulent wind at NAE/NRCC (11).

In designing the model, the following non-dimen-
siondl parameters, which must have the same values
for the model as for the full-scale bridge, were con-
sidered. The philosophy here is identical to the case
of Severn Bridge, except that the mass-damping param-

[

eter, or Scruton number, was not empioyed.

—%,lz,-ﬁyg,:—T,aB,aT (3.4)
pb pb B B
where I = generalized moment of inertia per
unit lehgth,
m = generalized mass per unit length
- = air density,
b = width of the deck,
Vv =.wind speed,
NT = torsional frequency,
NB = vertical bending frequency, .
and Ep,E, = zero wind damping ratios in

vertical bending and torsion,

respectively.
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It was assumed again that, for bluff, sharp-
edged structures, the influence of the Reynelds num-
ber tends to be very sﬁall and was therefore neglect-
ed. -The other model scales were the same as those
discussed in the previous section. The particular

1]

importance of this project is that this was the first

‘wind tunnel test of a bridge that introduced the con-

cept of genéralized mass. Strictly speaking, the to-
tal generalized inertiaé per unit length, %; and M _,
should be considered for éhe" testing of sectional
models bécause they include weighted contribution;
from all parts of the bridge participating in the mo-
tion including cables and towers.‘ It has been shown
that, in some cases, the true mass per unit length of
the bridge may be some 50% higher than the total gen-
eralized mass which ev included contributions from
cables and towers (12). Tﬁerefore, when true mass per
unit length is uséé in modelling, the: results ob-
tained may underestimate the full-scale effeﬁgg, The

formulation of generalized mass 1is shown in Appendix

E

C.

In modelling the Palmerston Bridge, thé vertical
mode shape was defined in such a way that the gener-

alized mass per unit length is the same as the true
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mass per unit length. For the interpretation of test
results to full-scale prediction of the peak ampli-
tude, Eg. C7 in Appendix C was used. However, this
appfoach is based on the assumption that the excitin&
force is independent of the amplitude, as explained\\z
in Appenéix C. When the exciting force is a function
of both amplitude and time, the generalized force

given in Eg. C4 should be used.

LW



Chapter IV

EXPRFIMENT

4.1 PURPOSE

——

" The purpoée of this expefiment is-to invesfigate the
effects of the mass and damping parameters:\on the wind-in-
duced responses of structures. Vafioué geometrical'shapps of
structures were selected to examine various’types of wind-

induced dynamic behaviours, —_—

4.2 FACILITIES

The tests were carried out at the 2'x3' open circuit
wind tunnel of the University of Ottawa. The available wind

speed range is up to 50 m/s. The general layout of model

installation in the wind tunnel is illustrated in Fig. 1.
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4.3 EQUI PMENT

The following equipments were used for the experiment:

Strain Gauge Condi%ioner, VISHAY instruments

Model 2110
Voltmeter, TSI Model 1076
Sum-and-difference Amplifier, TSI Model 1063

Dual Power Supply, Bum-Brown Model 552

Chart Recorder, Gould 220

Inclined Manometer, R. Fuess, G 1611 together

with a standard NPL type Pitot-tube

Arrangement of the equipment is depicted in Fig. 2

4.4 SET-UP FOR THE EXPERIMENT

Three different geometric shapes of models were select-

ed to examine. various wind-induced dynamic behaviours.

Model No., 1 (H.section) was designed to establish.vor-
tex-induced oscillations in vertical and torsional modes and
self—excitedltorsional instability.

Model No, 2 (1x2 box section) waé designed to estab-

lish self-excited vertical instability.

-
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Model No. 3 (flat plate) was designed to establish

buffeting response.

A

- .
The models were made of balsa wood and all were 61 cm

in length. The geometry of the models is given in Fig. 3.

As is diagrammatically explained in Fig, 4, a short
aluminium Bér was extended to the outside of the wind tunnel
wall from each model. This bar is connected to two horizon-
‘tal aluminium bars along the wind direction outside.the wind
tunnel and then the whole system is suppdrted‘by four elas-
tic springs pef side. The location of these springs can be
adjusted so that the natural frequency for torsion of the

system can be easily changed,

4.5 PROCEDURE

The vertical freguency of the model is controlled by
the spring stiffness while tﬁe torsional frequency ¢ can be
controlled by both tﬁe spring stiffnesses and the séacing
between a pair of springs. The mass, as well as the .mass mo-
ment of inertia, can be increased without chénging the aero-
dynamic characteristics of the model by attaching weights on
the bar outside the wind tunnel. The structural damping of

the model can also be adjusted by using wvarious liquids in

~
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dash-pots, the viscous dampingg system (see Fig. 4). A free
vibrationjtgst of the'model was pefformed before each run to
obtain the sfructural damping and naturél frequencies of the
model. All téstings were carried out in smooth wind flow
with the exception of Model No. 3, which was tested in tur-
bulence produced by a coarse grid installed upstream of the
test section. The root—mean—squafgﬁ(RMS) resbonse of the
" model was detected through the strain gauge system connected
in series to the model-supporting springs. The response of
the model was recorded on a voltmete:. The detail of the

measuring system is explained in the next section.

A typical run of the tests consists of the following

steps:

1. Adjust the various parameters to make sure that the
desired typé of wind-induced responses would be ob-
served with the model.

2. Obtain the damping and natural frequency of the sys-
tem.

3. Increase the wind speed, from zero, in increments of
approximately 0.1 m/s.

4. Obtain the RMS displacement of the model at each wind
speed from a.voltmeter,

5. Repeat the above-procedure with the chaége of either

mass (or damping) while keeping the damping {or mass)

constant.
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4.6 MEASUREMENT

A Piéot tube for the measurement of reference wind

- speed was located above the model. The difference between
the Pitot static and Pitot dynamic pressure was then meas-
ured using the manometer. Mean wind speed was then deter-
mined from the manometer reading. In testing éhe models, the
transverse and rotational motions of the models were detect-
ed from the vertical deflection of two ieaf springs which
were clamped from the support at one end and connected to
the model suppdfting spring system at another. The.springé
were hooked on the leaf springs, on which strain gauges were
attached. The detail of the system is shown in Fig. 4. Indi-
vidual vertical motion of the . Springs will induce bending
moment along the leaf sprinQS»énd give corresponding strains
at the location of the gauges. Torsional displacement was
obtained from the difference between two signals. This.was
done through the sum-and-différence émplifier. The damping
of the model in still air was measured from the free vibra-
-tion trace by exciting the model-manually. The decag‘in the
oscillatfons was recorded by the chart recorder. ' The loga-
rithmic decrement method was used. A sample oscillation de-
cay-trace and the calibration for the response measurement

are described in Appendix D.



Chapter Vv
SUMMARY AND DISCUSSION OF EXPERIMENTAL DATA
) 1\

5.1 VORTEX EXCITATION ¢

The equation of motion for a single-degree-of-freedom

vertical motion is

my +cy +ky=F(y, ¥, ¥; t )

. (5.1)
where m = mass per unit length,
¢ = damping coefficient,
k = stiffness, { N
F = external force pe; %nit‘length,
and -y = displacement. -

As was briefly explained in Section 1.2, the simplest
explanation of the mechanism of vortex excitation is the ré-
sonance of the structural freéﬁency to the freguency of vor-
tex shedding in its wake. This is because when the vorti&es
Separate from the section at a certain frequencf; an alter-

\\\nating lift force will be produced on the body Qith the same
frequency. Therefore, for the analysis of vortex excitation,
let us first of all consider, following Scruton, the simple
harmonic excitation function as follows:

-3 -
.

hY
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F(t) = %2 CLd sin(2wnt) . "(5.2)

where CL = coefficient of alternating
lift force,
%pvz = dynamic pressure,
d = height of the structure
’

projected. on the plane taken normal

to the mean flow,

and n - = excitation frequency. g
Eg. (5.1} thus becomes- ,
my + ey + ky = 9—;_—]3 €.d sin(2mt) l 5.3
The amplitude of the steady-state\potion is
y(r,g) = £ - (5.4)

W(1-r2)2 + (2r£)2

[

, £ = =
- . 2vm

219

- -1 s
wﬁere r=n/N , N"zw o

A

and § is defined as the natural logarithm of the

ratio of any two successive peak amplitudes

in free vibration.

;-
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’/ When the frequency ©of ‘excitation coincides with the
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natural frequency, i.e., r¥1, Eq. (5.4) gives the peak am-

plitude
c ' Vr2c d
d L .
o Yo = I ' . (5.5)
S~ (2mé /pd?) ‘
where Vr = reduced wind speed, V/Nd or V/Nb,
o corresponding to the-peak amplitude
and . f?g = dimensionless parameter, or

- so-called.Scruton number. T

5

’

Similarly, for torsional oscillation, a pitching mom-

ent per unit length on the system can be expressed as

LY

. pv2 , .
M(t) = ~§~iCM§ sin{2mt) (5.6)
-
where Cy ‘ = ‘cég%iicient ofialternating
' ' pitching moment. ’
(\ r ) g\ ’ 7‘*—.‘5._ -

Similar to the previous case, it can cause the maximum

displacement at the resonance, and its amplitude yp,' at the

edge of the deck is as followss : &//~
.- ' . Pt

2
y‘=b__vi__cilﬂ_ ) ) - (5.7)
P 8T (ors/pa%y ™

\ where b = widtﬂ\b£~eﬁé deck,
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The dimensionless parameter 2I§/pd* of Eq. (5.7) corre-
sponds to the Scruton number but this time for the torsional
motlon. This number is called the "Scruton number in tor-

sion" throughout this thesis.

.According to Eq. (5.5), the peak amplitude resulting
from'hafmonic loading . varies inversely with the Scruton
.number. When Eg. (5.5) ;s applied to the prediction of the
response due to vortex excitation, the following'aéspmptions'
were made (10). The variation of C with amplitude is fairly
weak over- the range of interest, The motion is always iso-
lated “and harmonlc. The frequency of oscillation correspond-

ing to the cr1t1cal wind speed is approximately equal to the

natural frequency.

However, as is mentioned by Scruton (2), the use of
forcing functions as given by Egs. (5.2) and (5.6) would be
valid only for the "resonance" condition Vr=1/S where S is
the SErouhal number. Cutside the resonance range of Vr, thlS
expre551on is ev1dently not consistent with the observatlons
of osc1llatory behaviour in wind. It can be observed, from

Figs. 5 and 6, that the range of the wifd speed at which the
vortex; response was observed aecreaSes with .increasing
structural‘damping._ In all cases, the vibration amplitude
shows pseudo—parapolic humps as a response curve against

, A
wind velocity ‘rather than having sharp response which is
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typical for the case of the ordinary resonance. Also, for
the case}of ordinary simple harmonic exﬁitation, the band-
widtﬁspf the response curve should increase with increésing
structural damping. This is @ifferent from the wind-induced
response characteristics we are dealing with now. Another
important pbint is_the following: it is also known that, ex-
cept at large’ damping, the frequency of. the vibration and
the frequency of vortex shedding within the wind speed cor-
responding to the structural fesponse stay constaﬁt at the -
natural frequency of the structure. But when the wind veloc-
ity gets lower or higher than this range and when.the struc-
tural response does not exist, the fréquency of the vortex
shedding varies in proportion to the wind velocity. The
phenomenon is known as "lock-in" because the flow character-
istics of the wake are locked-in, or governed, by the dynam-
ic motion of the body upstream. It implies that, ohce the
vibration starts, -Ehe behaviour 1is considered to be a
coupled motion between the body and its surrounding fluid;
i,e., the wake formation is dominated by the bédy motion and
thus the induced motion of the body by the wake have mutual
interaction with the formation of shedding. It is also
pointed out by Yamaguchi, et al. (13} that the éelatipnship
Between the resonant amplitude and the Scruton number dif-
fers from the property of the linear forced vibration given
above, which predicts inversely proportional relationship to

each other. These evidences lead to the conclusion that the
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lift coefficient is probably ‘considerably affected .by the

resonant amplitude.

From the above discussion, it is believed that vortex .

excitation is not a simple harmonic forced vibration but has
- . N ~

£

an aspect of self-excited vibration. Since self-excited vi-

bration is caused by forces produced by the displacemenﬁg”of
the system, the excitation force should be conéidered depen-
dent of time as well as amplitude. However, fO{ simpricity
and convenience, Eg. (5.5) and (5.7) can be used in predict-
ing the rgéonant amplitude. For the precise pfediction‘of

structural response, more work is needed in this area.

5.1.1 Vertical Response

The H-section model was used to investigate the verti-
al vortex-induced response. The experiment was divided into
two parts. Part l: Qith the'maés of the model kept constant
at 0.282 kg, thq‘structural damping was increased from 0.32%
to 2.20% of critical. Part 2: with the structural damping
kept constant at 0.65% of érit}cal, the mass'was increased

from 0.282 kg to 0.990 kg.

Figs. 5 and 6 show the RMS response plotted againstJ%he

reduced wind speed for parts 1 and 2, respectively., It can

/

.4‘ i ‘
b ;
%

{
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be seen that the range of the wind speed at which the re-
Sponsé was observeé and the maximum amplitudes are decreased
by increasing either the structural‘damping, or the mass,
but the wind speed cotresponding to the maximum response is

not significantly influenced.

[

i,

Figs. 7 and 8 show the maximum amélitude plottéd
against the-dampinq ratio ( ¢ ) and the mass ratio (m/ b?2)
respectively. The results are Sumﬁarised in Fig. 9, in
which bothﬁthe maximum RMS response amﬁlitude and the wind
spggd range of instability are given as functions of the
Scruton number. ‘;t is noted that the maximum amplifude os-
cillations occurrea‘iﬁ the range of V/Nﬁb =2.15 to 2.53 and
it decreases with increaging Scruton number. The maximum am-
plitude falls 'répidly to a low value with thé increase of
the Scruton number ta up to'S or so and then decreases only
slowly with further increases. For values of V/NBb outside
the instability region shown in Fig. 9, the section was pOf'
sitively damped. With all the experimental data plotted on
the same curve, Fié. 9 clearly shows that the maximum ampli-

tudes can be described as a function of * the Scruton number

alone.
Fig. 10 shows the comparison of the' maximum response
amplitude results from various sdurces, including those

shown in Fig. 9. Other results are from Refs, 2, 14, 15 and

Yol
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16. In Ref. 2, 5 rigid -cylinder was tested under.various
dampidg conditions by Scruton. 1In Ref. 14, circular cylin-
ders were tested under various damping cogé%tions and an em-
pirical formula to predict the maximum amplitude was ob-
tained by Iwan. In Ref., 15, a sectional model, H-section
with the aspect ratio of 1 to 5, similar to the gpfazaal Ta-
coma Narrows Bridge, was tested under vaﬁioUé“damping condi-

tions by von Karman. In Ref. is, the values of Vr2CL ob-
&4

tained from the testing of various types of box girders were

4

b .
2 = —_— v
Vr CL 5.8(d) (5.8} l\_

summarized intc an empirical equation as follows:

}
where Vr

reduced wind spe3§ as defined

N ' previously,

and CyL lift coefficient.

For plotting Fig. 10, this empirical expression is sub-
stituted into Eg. (5..15) given in section 5.1, to determine
the relationship between the Scruton number and correspond-

ing response magnitude.

A}
v

It is .noted that‘Lhe maximum amplitude obtained from
the empirical ﬁofmulé by Iwan yields results very similar to
those obtained experimentally by $cruton for a circular cyl-
inder. However, there are some discrepancies between thé ex-

perimental results of von Karman- and those of the present
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experiment for a Tacoma-like H-section. %he reason of this
discrepancy is not immediately clear. However, this may be
~attributed to the fact that the flow condition of the von
Karman's experiment was somewhat different from the present
testing condition. It is possible to have some three-dimen-
siohality of the flow for the case of testing at the Cali-
fornia Institute of Technology with the open jet wind tunnel
employed. The reason of discrepancytbetween results obtained
from'$mith's empirical formula, and those from of von Karman
and the present experiment is even more obscure. It may be
attributed to the fact that the 1lift coefficient in Eq.
(5.8) is not only a function of thé'Cross-sectional shaﬁg‘of
the model but is also a function of the respense amplitude.
It is interesting to note that the results by Smith, yhich
includes various bluff sections, are neot far away from -the
results of the pfesént study. The experimental results of

the present study are summarized in Table 2.

5.1.2 Torsional Response

The H-section was also used to investigate the vortex-

b

induced torsional response. The procedure is similar to that

of vertical response. Part l: with the mass moment of iner-

tia kept constant at 31.37x10°% kq.m2 , the structural
P g

damping was increased from 0.22% to 1.60% of critical., Part

7
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2: with the struc%uréildamping - kept constant at 0.65% of
critical, the maés qomenﬁ of inertia was increased from
31.37x107" kg.m® to 50.36x107" kg.m?. The centre of rotation
of the model Qas fixed throughouff this part of testing in
order .t¢o prevent anyﬁcoupling with the vertical motion, as
it is explained in Appém&ix D.

Figs. 11 and 12 show the RMS response plotted against

the reduced wind speed for parts 1 and 2, respectively., Sim-

ilar to the case of vertical vortex excitation, Figs. 11 and

12 indicate that the extent of the wind speed range and the
‘maximum amplitudes are decreased by increasing either the
structural damping or the mass moment, but the wind speed fo
give thé,maximum‘ response is not significantly affected by
this increase. It is also indicated, in Fig. 12, %%hat the
to;sional response resulted from vortex excitatioge, is very
sensitive to damping compared with the case sf vertical vi-
bration mode. When the damping factor was raised from‘1.22%

to 1.60%, the response was not observed any more,

Figs. 13 and 14 show the maximum amplitude plotted

against the damping ratio { £ ) and the mass ratio (1/pb% )

respectively. The curve of maximum amplitude as a function
[ ] -

of Scruton number in torsion is shown in Fig. 15. It can be
.seen that the maximum amplitude reduces with increasing

Scruton number. However, wunlike the vertical response, a

»
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linear relationship is found between the maximum amplitude

and Scruton number,

Fig. 16 compares results from Fig. 15 with those from
Ref. 16. 1In Ref. 16, the value of Vr2CM obtéined from the
testing of various types of boxlgirdgrs was summarized into
an empirical equation as follows:

b
Vr? Cy = 5.8(3) . (5.9)

where Vr

" reduced wind speed as defined

. previously,

L@
Hi

and moment coefficient.

-\
For plotting Fig: 16, this empirical expression is sub-
stituted into Eg. (5.7) giyén~ in Section 5.1 to determine
the relationship between the Scruton number and correspond-

ing response magnitfide.

According to Egq. (5.7}, the maximum amplitude should
vary inversely with the Scﬁut X gmber. Howevér, the re-
sults of the present study show somewhat differént funétion-
al relationship, as shown in»Fig. 16. Relatively few data
are available in the open literature coneéfning the torsion-
al vortex excitation and the results shownn here fépresent
the limited information available to fhe author at the pres-
ent time, Although results from the present éxpériment do

not show inverse proportipnality of the maximum amplitude

]

-r
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with the Scruton number as predicted by'fhe theory, it does
show that the maximum amplitude depends on the Scfutoh num-
ber as a single imﬁortant parameter. The experimental re-

sults of the present study are summarized in Table 3,

¥

5.2 SELF-EXCITED INSTABILITY

5.2.1 Torsional Instability ~

The equation for the torsional response (17) is

o>
e . v2
18 + 2IEw6 + kO = -°—2 c12cM (5.10)
.
where I = mass moment of inertia per unit length,
& = angular displacement,
£ = damping ratio in torsion, _

w = circular frequency in torsion,
- ~ .

k =7 torsional stiffness,
%pvz = dynamic pressure, .

d

length of lateral side of the model,

]

and CM pitching.moment coefficient.

Angles are taken as positive when the leading edge of -
the body is up against the wind. Egq. (5.10) can be ;iﬁear-
ized for small rotations to determine the onset of torsional

instability, using the quasi-static theory as follows:
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- 2 ac A
: = BVZ 2 M - b8
I8 + 218wb + k6 = 55— 4 Ga Ya=o @ - 3 (%.11)
where a« = angle of attack,
and -b = width of the deck.

A

The minimum critical velocity for the onset. of torsion-

al instability is reached when the total damping becomes

zero; i.e.,

‘ . L o
_!E = 6 (2L (EEM - (5.12)
N pd3b -

. This expression implies that the‘critical reduced wind
speed for the onset of - torsional instability should be pro-
portioﬁal to the Scruton number in torsion. 3

%

The H-section model was used to investigate the tor-
siondl response. 1In the first part of this experiment, the
mass moment of inertia was kept constant at 31.37x10""
kg.m?2 while the structural damping was changed from 1.59%
to 12.73% of critical. The structural damping wasvthen kept

censtant at 3.60% and the mass moment of inertia was in-

creased from 17.85x10™* kg.m2 to 89,95x10°% kg.m2 . The cen-

tre of rotation of the model was fixed throughout this part
of the testing in order to prevent any vertical motion, as

is explained in Appendix D,
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Figs. 17 and 18 show the RMS response plotted against

the reducéd wind speed for parts 1 and 2, respectively. The
results consistently show that, at the critical speed at
which the total.damping is zero, the amplitude increases
rapidly with further increase in wind speed. Due to mechani-
cal limitations, the experiment héd to be terminated when

- the displacement of the model reached approximately +5 deg.

~
~

Figs. 19 and 20 show the critical reduced wind speed
plotted ageinst the damping ratio ( £ ) and the mass ratio
(I1/pb* ) respectively. Fig. 21 shows the critical reduced
wihd speed plotted against the Scruton number in torsion,
It can be seen tE?t tﬁe incfease”of‘structural damping or
mass moment of inertia raises the critical speeds for the
onset of torsional instability, but the rapid growth of am-
- plitude is 'not suppressed {n‘any case cnce the wind speed
exceeds the critiéai value, Unlike vortex excitation, the
curve obtained from varying the structural damping. does not
coincide with the one obtained from varying the mass moment
of inertia. When the Scruton number is below 30, the criti-
cal reduced wind speed is more sensitive to structural éamp—
ing than to mass moment 6f inertia. However, this trend re-
verses when the Scruton number is above 30. It was also
observed that the critical reduced wind speed is almost lin-

early related to botﬁfthe Structural damping and mass moment

of inertia, ~ except at low damping and high mass moment of

-~
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inertia. From the above observation, it can be said that
the critical wind”wspeeés d;pend on both the damping factér
and mass ratio, both being independent parémeters. A good
agreement is also found with the testing by von Karman (15)
as shown in E}g. 21. In h%ﬁ repor{, a sectional é%del of the
original Tacgﬁa Narrows éridge, H—séction with the aspect
ratio 1 to 5, was tested under various damping conditions.

The experimental results of the present study are summarized

in Table 4.

5.2.2 Vertical Inétabilitj (Galloping).

&

-

The fundamental assumption of conventional galioping
analysis is that the fluid force is quasi-steady in nature:
i.e., the fluid force on the Structure is determined solely
by the instanstaneous relative velocity and the angle of at-

tack of the—<flow to the structure,

+The equation of motion can be given as follows (17) =

m§+2mgm3}+ky=°—‘2’3dcy (5.13)
where m’ = mass per gnit length,
y = vertical displacement, upward positive,
¢ = structural damping in bending, 5
w = circular frequency in bending,
k = bending sfiffness,



t:%}_ﬂt,f i 3

%pv2 = dynamic pressure,
d = length of lateral side of the model,
. 2
and ' Cy (Vrel/V) (CLcosa + CDsino:).

Eqg. (S 13) ‘can be 11nearzzed for small angle of attack

a, to determine the onset of vertical 1nstab111ty, i.e.,

¥ + 28wy + wly = - (——X)G_O = {5.14)

Zm

i

The minimum flow velocity for the onset of instability

is reached when the total damping becomes zero: i.e.

‘ 3C | '
2m6 L )
NBd = -2( ) / (W -+ CD)Q‘.=O .%15) .

Fl

. . . . ‘s - : .
This expression implies that the critical reduced wind

speed for the onset of vertical instability shdu&d be pro-

ﬁrrtional tc the Scruton number.
; ey ‘
The 1x2 box section model was used to investigate the
veftical response. In the first part of this experimgnt,
‘the mass "of the model was kept constant at 0.321 kg while
the stfuctural damping waélincreaseg\ from 0.57% to 2.07% of
critical. The mass was then increased to 0.937 kg while the

structural damping was again changed from 0.57% to 1.57%.
!/
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Figs. 22 and 23 show the RMS response plotted against.
reduced wind speed for parts 1 and 2, respectively. It can
be Seen that, unlike t torsional instability of ;he“H-sec-
tion model, thenvgloci ty. at which the amplitude rises.rapid-
ly is laméely 1ndepende t ‘of e1ther mass or structural damp-
ing of the “model’ both cases, the critical reduced wind
speed (V/NBb) égaégxlmately =6, Hoyever the response am-
plitude above _is velocity decreases with increasing struc-
tural dausihgffZegardless of the maéé?parametér, when struc-
tural damping is r than 'approxlmately .0.8%, the
response drops w1tjq ea51ng wind speed aftér—g;;eedldg a

peak[ The respons

rema1ns almost constant.with further in-

crease in w1nd speed.ﬂFor the case of the higher mass param-

‘eter, no rise_jn amglltude was observ?d when the structuralu

damping was abové 0. 72% nghe- ss parameter (m/pbd) used in
this expei;Tent was e1thef"ﬂ07 orj 313.. Figs. 24 and 25 show

the results of the similar tests”obtained by Novak (18) and

Yamada (19), respectively. The mass parameters used by

ﬂ - .
tliese researchers Vere 64 and 280, respectively The range

of structural damping used iu their study was from 0. 20% to
4.40%. It is cieérly seen that the reduced wind velocity at
which the amplltude rlses rapidly depends neither on the
mass parameteg nor the structural damplng The strong v1bra—'

tion starts developlng at reduced velocities close to the

expected vortex resonad%? velocity (V/%}d)=12.3. Novak (18)

‘explained that this phenomenon appears to result ~from the

-
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composi action of galloping instability and vortex shed-

.ding because/ the theoretical onset vel&city for galloping,
with lowest damping (0.37%), would be (V/NBd)=5.2. With the

higher damping of 4.40%, the galloping onset might be ex-

pected around (V/NBd)=61, well above the theoretical vortex

feéonance. Therefore the corresponding curve shown in Fié.
24 resembles the vortex-excited response peak guite well.
Eowever, this explanationlcannot explain the result obtained
rom the present experiment for the casewpf higher mass pa-

rameter with low structural damping.

The galioping onset velocity for the above case as ob-
tained from Eq. (5.15) 1is approximately 38. This is well
above the theoretical vortex resonance. However, from Fig.

.23, there is no indication of vortex shedding at V/NBb of

near 6. The above observation is somewhat different from
Novak's experiment. This difference may be explained as

follows,

¥

It was also mentioned by Novak (18) that for a 1x2 box
section in smooth ;low, the 1lateral force coefficient fea-
tures a curvature change, as shown in Fig. 26, and galloping
can exist at velocities lower than -the onset velocity given
by Eg. (5.15), if the appropriate magnitude of initial dis-
turbance is provided. When Fig. 24 is comparea with_ﬁiggz
22 and 23, the sudden rise in‘ amplitude at V/NBd=12 in No-

~ .
L
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vak's figure may be initiated by vortex shedding and fol-
lowed by galloping. In both cases, the rapid rise in:ampli~
tude,  with a slight increase in wind speed, desqribes a
"bopndary of instability”. To the left of the "boundary" is
the stability region, and to the right, the instability re-
gion. For the casefof higher daﬁping; the onset velocity.
calculated is .- far beyond the wind speed'tange used. in the
present experiment and therefore-. galloping‘maf exist at

'higher wind speed.

The sclution obtained as Eg. (5.15) is based on the as-
sﬁmption that the aerodynamic forces are lineaf, i.e., both
the energy input by the flow and the energyl diésipated by
damping increase linearly with amplitude. Hawever, the en-
ergy input by the flow has a finite limit, because the fluid
forcéslon the structure cannot increase indefinitely with
émplitude. A non-linear quasi-steady approach, in which the

force coefficient Cy is expressed ‘as a power series, 1is de-

rived by Novak (18) to cover this point.

It has been established Ithat the quasi-steady theory
can be applied to the prediction of the galloping oscilla-
tions as‘long as the wind speed range corresponding to in-
stability is well separated from the region of vortex reso-
nance. For the case of the 1x2 ﬂbox section, the
quasi-steady approach cannot explain all the phenomena ob-

served. The peculiar phenomena of 1x2 box section may be
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closely related to the fact-éhat this section exhibits two
Strouhal numbers (19).  As shown in Fig. 27, after Yamada
(19), fgr aspect ratio between 2 to 3, there exists a tran-
sition range wheré the separated flow from the upstream cor-
ners may reattach to the surface of the body and this re-

"sults in a lower wvalue of ¢, and a higher value of the

Strouhal number.
?

From the above discussion, it can be concluded that the
AN
Scruton number.cannot be used as a single parameter in pre-

dicting the onset velocity of the instability of the 1X2 box

section.

5.3 BUFFETING

Random response of the model can be calculated by sta-
tistical method using spectral anaiysis, ‘with the appropri-
ate physical and aerodynamic properties of the model in con-
junction with functions which satisfy the corresponding flow
cenditions, Basically, the buffeting response is decided by
the aerodynamic forces, the aerodynamic admittance function,
the frequency response function of the system, the joint ac-
ceptance function, aﬁd the power spéctral density of gust,
A flat plate model was used to investigate the buffeting re-

sponse induced by homogeneous turbulence which was created
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by square-mesh <Toarse grid located at the upstream of the
wind tunnel test section.J Theoretical esé@mate of the re-
sponse is obtained using the cémputer. A‘?Gri description -
of the énalytical procedur;'is given elsewherJ {20). The
computer program was constructed based on this procedure
(21) but was modified for the present calculation. The pro=

gram is listed in Appendix E.

o
<

In the first part of this experiment, the mass of the
model was kept constant -at 0.765 kg while the structural
damﬁing was increased from 0.10% to 2.31% of critical in two
steps. The structural damping: was then kept constant at
0.50% and the mass was increased from 0.397 kg to 0.949 kg
in two steps, In order to maintain the same frequency ratio,
Nr/NB, masses were added at a distance equivalent to the ra-

dius of gyration from the centre of the model.

Figs. 28 and 29 show the RMS vertical response plotted
against the reduced wind.speed. Generally, the response in-
creases gradually with incréésing wind speed for all cases.
Figs. 30 and 31 show the effect of structural damping and
mass parameter, respectively, on thé‘response of the model
at constant reduced wind speed. It can be seen that an in-
crease in either parameter will result in reducing the am-

plitude and it varies almost: linearly with structural damp-

ing whereas the change is strongly nonlinear with mass
7 -

. ;

*
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gparameter. Fig. 32 shows the variation of amplitude with
bqth damping and mass in terms of the Scruton number. It is
clearly seen that the amplitude dépends on both the struc-
tural damping and mass parémetgruwhich are essentially inde-
pendent parameters except at hightScruton number and low re-
duced wind speed. Fig. 32 also shows that the response
amplitude is-not so much affected by structural damping as
by thé mass. There is a drastic rise in amplitude when the
mass is decreaséd at relatively low values of damping and

high reduced wind speed.

The main parameters wﬁich affect the buffeting response
i are the.turbulence intensity, the structural .damping, the
frequency ratio and the mass parameter. With all the parame-
ters, except the structufal damping and mass parameters, at
values similar to the present experimént,‘ the theorgtical
response is obtained from the computer analysis. The ampli-
tude is plotted against the Scruton number in Fig. . 33. The

~ response is seen to be simila£ to the one described previ- .
\ouslyl The frequenéy ratio used in the present experiment is
approximately 1.0. Since the theoretical_analysis gives un-
stable solution with the freduency ratio of 1, an arbitrary
valﬁe of 1.5 is used for the sample calculation. The experi-

mental results of the present study are summarized in Table

5.



Chapter VI

CONCLUDING REMARKS

The wind-induced dynamic responses of different models

under different mass and damping conditions were studied.

The results. from the present. study can be summarized as fol-

lows:

l.

-+

—

For the case of vortex-induced oscillation, 1in both

.vertical and torsional motions, an increase in either

the mass or the structural damping of the structure
will result in a weaker system response. The pféduct
of the mass parameter and damping r;tio, the Scruton
number, can be used as a single dimensionless parame-
ter in predictihé the maximum amplitude. However,
the maximum amplitude is not necessarily inversely
proportionﬁl to the Scruton number. A slightly dif-
ferent functional relationship was observed for the
case of torsional vortex excitation. More research is
needed in this area due to the 1limited information

available presently. ¢

An increase in either the mass moment .of inertia or
the structural damping will result in raising the on-

’ », .
set speed of the torsional instabilityl The Scruton

\ T T
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6l
number in torsion cannot be used as a single parame-
ter for this case. Increase of mass moment of iner-
tia is more effective in raising the onset speed than

increasing the structural damping.

-

The galloping respohse of the 1x2 box section de-
creases with increasing structural damping. The re-
sponse is less sensitive to the change of mass param-

eter. Unlike the torsional instability of the

" H-section, the velocity at which the amplitude rises

rapidly is almost independent of the change of either
mass or damping. It was discovered in the course of

present study that this particular cross-section has

. rather peculiar response characteristics which should

be considered as a mixture of vortex induced response

".and galloping instability, There 1is an indication

that this peculiarity may not be seen for other box

.sections. For the study of mass and damping effects

on galloping, other sections such as 1xl and 1x4 box,
or 1x2 box section in sligﬁtly‘turbulent flow should

be attempted for further study. 7

The buffeting response of flat plate model in turbu-
lent flow showed that an increase in either mass or

damping will reduce the magnitude of response. The

response is less sensitive to damping than to. the

change in mass. The Scruton number cannot be used as

\ o a
- . |

It



a single

sponse.
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parameter in

predicting the

‘
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v L N =

10
11
12
13

Time (t= L/a)

TABLE 1

66

COMPUTATIONS OF IDEAL SCALES [g]

FUNCTION

Length

Area

Volume ‘

Moment of %ertia ‘(rzA)
Aceeleration (a=S/t2)

-

Velocity (V=S/t)
.

Frequency

Density (mass/unit vol.)

Mass (, x V) K
A\

Weight (mg)

Force (ma) - b

Bending Moment (F x L)

15 Vass MSmeng of Inertia (rZMJ

15
16
17

18
19

20

Unit Strain

Unit Stress (F/A)

F/ A
Elastlc Modulus (—/-—

3
Bendlng Deflection (E—I—)

o

Direct Stress Distortion (E)-

2

Torsional Deflecticn (%—)
2

pe,

p

3

x m =

L DIMENSIONS

-

4

IDEAL SCALE
L L/L =n
p' m
sz A /A = r12
L3 p/V = n
L4 p/I = na
L/T? ayfay = 11
T Tp/Tﬁ =4/l =4m
L/T Vp/Vm = n/fm =AM
1/T Np/Nm = 1MW
-M/L3 p o =1
. o’m
M mp/mm=lxn3=n
ML/TE . W = B x1en
ML/T2 FP/F‘ = n3 x 1= n3
MLZ/T2 p/M = h3 XxXn= n4
L2M p/I = nz X n3 = n5
— P/E = n/‘n
M/LTZ s /s = r13/n2 =
LPom
M/LT? p/E - n3/m? = n
L A /A _ I'l3 X I'l3 =n
Pm y xn
L A /A 1 Xn =n
P M 4 xn
ns xnl
N = =1

ot



TABLE 2

Summary of the results of vertical

67

N

.vortex excitation {
- ' . k

L

‘ ) s =12 kg/m?
o 1 t :
v —> I . d b = 228.6 mm
b b j‘T
o - d = 45.7 mm
Structural Mass ‘Scru.t‘on Peak .. Reduced Speed ’
Damping Parameter ‘Number Amplitude at )
fP : Peak Amplitude
£ (%), m/pb2 Scurj z/b (x107%) Vr
a . -
0.32 7.53 1.51 15.53 2253
Y
0.40 T, 1.89 "14.52 2.48,
2.2Q, " 10.41 ~ 7.83  2.27
0.65 " 3.08 10.67 2.41
- " : A
" 12.45 5.08 ; 8.97 2.29
" 19.82 8.10 8.09 2.15
" 26.45 10.80 7.53 2.15
// - ) ;o
o 3
\%%?5 - .

/



Structural

Summary of the results of torsional

Damping

e (%)

0.31

1.22

1.60

b

TABLE 3

!

vortex -excitation

.68

~

‘L -
1 p = 1.2 kg/md
[ |
| 1__d b = 228.6 mm
e 3 T
b d = 45.7 mm
Mass - Scruton Peak Reduced Speed
Parameter Number . Amplitude at
' " Peak Amplitude *
I/pb* Sc (6 )max (deg.)”’ vr
1.60 1.11 " 0.74 1.29
., ' Ia
" 1.6 °  0.68 1.26
L .
L 6.15 0.23 1.16
" 8.06 0.02 1.12
" 3.27 D.53 F.22
2.08 4.2;/,,ﬂ_ 0.42// 1.16
2.57 <5.26 0.31 1.15
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TABLE 4

“Summary of €he results of torsional instability

d
s ler |
V —> 1
| N
< b . 71

Structural Mass
Damping Parameter
£ (%) 1/pb"

>
1.59 1.60
3,30 "

. 6.92 "
12.73 "
T2 ¢.01

" 3.52
" 4.60
* =

-
= 3
P 1.2 kg/m/
b = 228.6 mm
"a = 45.7 mm
Scruton Critical
Number Speed
Sc (Vr)er

_ 8.01J/j 2.05

16.63 3.76
34.86 5.19
64.14 o712 T
10.32 1.69
33,81 . 6.57

52.01 9.42

—

te



TABLE 5

Summary of the results of buffeting resporse

V — < - > - p =1.2 kg/m?
e b | b = 197.0 mm
/
m/ob2 = 27.52 E = 0.50 %
£(%) 0.10 0.50 1.5¢ ° ‘m/eb? 14.28 27.52 34.07
Sc 0.35 1.73 5.33 Sc . 0.90 1.73  2.15
Vr (z/b) x1073 _ . Vr (z/b) x1073
1 0.35 0.32 0.17 o1 0.41 0.32 0.3l
2  0.72 0.68 0.38 2 0.90 0.68 0.58°
3 1,10 '1.02 0.64 3 1.54 1.02 0.84-
L. [1.02 0
4 1,45 1.32 0.96 4 2.10 1.32 1.1
5 1.66 1.58 1.12 5 2.43 1,58 173J
6~ 1.83 1.74 1.24 ‘3§ 2.53  1.74 1.57
A :
7  1.98 1.94 1.37 7 2.64 .1.94 1.70
B~ “2.19 2.01 1.48 8 2.84 2.01 1.84
9 2,47 2.14 1.62 9 3.15 2.14  1.96
100 2.75 2.34. 1.84 10 3.50  2.3&  2.07
. - &.
i
7
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EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH" FLOW .

mass per unit length m = 0.472 kg/m
structural damping £ = 0,32 %
width of the model b=0.229 m .
natural frequency Np= 5.7 Hz
A
WIND . REDUCED " FLEXURAL
. VELOCITY VELOCITY o RESPONSE
(V] [v/NgbT [z/b]
0.00 I 0.00 i 0.00
0.86 ' ) r 0.66 s . 0.00022
- 0.95 / 0.73 0.00039
1.03 0.79 0.00109
1.31 1.01 0.00066
1.49 1.14 . 0.00087
1.74 1.34 0.00122
1.92 1.47 fo.oo197,
22.10 1.61 0.00367
2.25 1.73 . 0.00403
2.43 1.86 0.00731
2.57 1.9% 0.00986
2.68 2.06 0.01016
2.92 2.24 0.01304
3.07 ©2.35 001430
3.21 2.46 0.0151
3.30 2.53 0.0155
3.33 2.56 ‘ 0.0154
3.45 2.66 /;:> : "0.01457
T 3,64 2.79 _ . 0.00595
. 3.72 2.85 ., 0.00608
3.86 - ¢ S2.96 ¢ 0.00608
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TABLE 7

EXPERIMENTAL RESPCNSE OF MODEL NO. 1 INVSMOOTH FLOW

mass per unit length m = 0.472 kg/m
structural damping £ = 0.40 %
width of the model b =0.229 m
natural frequency Ngp= 6.0 Hz
WIND REDUCED ' FLEXURAL
VELOCITY . VELOCITY RESPONSE
(vl . [V/Ngb] . o [2/b]
0.00 0.00 . [ 0.00,
1.03 , : 0.75 0.00022
1.49 ° © o 1.08 0.00057
1.64 1.20 0.00079
2.02 , 1.47 _ 0.00083
2.18 1.59 : 0.00101
2.31 1.68 0.00114
2.38 . i T1.73 0.00455
2.53 1.84 | 0.00639
2.65 1.93 0.00783
2.86 2.08 . 0.01063
&.96 2.16 0.01150
. 3.00 219 &o.o1207
§B.15 2.29 © 0.01330
2 \
v 3,26 2.38 S 0.014D9
3,40 2.48 0:01452
3.54 2.58 . 0.01321.
3.58 . 2,61 ' 0.01050
-‘g? : .
x\\7- !

L

£33
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TABLE 8

EXPERIMENTAL RESPONSE OF MODEL

mass per unit length m

~73

e

NO. 1 IN SMOOTH FLOW
0.472 kg/m

I n

N
e

structural damping E .20 %
width - of the model b %.0.229 m
y natural frequency Ng= 5\0 Hz
L . -
WIND - REDUCED FLEXURAL
- VELOCITY VELOCITY RESPONSE
“ vio - [V/N3b] [2/b]
N ) =
\\\z o 0.00 0.00 ©0.00
\\ 0.70 0.61 0.00022
x 1.34 1.17 0200026
] 1.72 .50 - 0.00039
//- 1.85 1.62 0.00048
k\\ 1.94 1.70, 0.00149
o) 2,010 . 1.84 0.00490
NS .
2.43 - - 2.12 0.00770
2.49 2.18 0.00770
2.59 2.27 v 0.00783
2.68 2.35 - 0.00608
: N 2786 2.50 0.00232 :
: ¢ ® ' 3.03 2.65 0.00149
C 3.26 . 2.85 0.00127
o ¢
/\_) \
J/f , A -
A L '
- LS ®
P
P \\/}"’*’
rd & . o
/ * ’ . h
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TABLE 9

EXPERE&EQE:? RESPONSE OF MODEL NO. 1 IN SMOOTH FLoOW
Mass.per unit length p 0.472 kg/m
%

structural damping £ - 0.65
- width of the model - b = 0,229 m’
-natural frequency % Np= 6.67. Hz
. WIND ‘ REDUCED ‘ FLEXURAL
)q . VELOCITY - VELOCITY RESPONSE
V] [V/Ngb] [2/b]
0.00. . 0.00 0.00
0.90 | 0.59 ¥ 5.00022 |
‘ 1. 34/ . 0.88 0.00070 4
1.4\ 0.96 . 0.00070
;7 | 1.69 - 111 ©0.00096
1.92 o 1.26 0.00114 .
2.21 '§fﬁf ' 1.45 0.00149
: /- 2.41 o 1.58 0.00219 *
‘ o 2.57 1.69. 0.00416
: 1.81 0.00595
| 1.89 - .0:00700
\ 2.09 0.00927 -
2.26 " 0.01019
| 2.27 o © 0.01028
3.64 St 2039 0.01g55™
3.67 2.41 0.01067
'3.78 - 2.48 | 0.0%045 ™
3.88 2.54 o 0.010%
4.04 » 2.65 | . 0.00761
4.20 .. 2.76 ' 0.00433
4.27 o 2.80 o 0.00385
. 4.39 N, 2.88 . 0.00367 °
. 4.48 o 2.94 0.00372
- f\’ ~
N s -
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TABLE 10 ,
v ) ,
EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH _FLOW -
mass per unit length m = 0.781 kg/m
structural damping £ =0.65 % .
width of the model b =0.229 m _ -~
natural frequency NB= 5.4 Hz
WIND REDUCED FLEXURAL
VELOCITY VELOCITY RESPONSE
[v] (V/Ngb] \_ Lz/v]
0.00 0.00 g0-00
0.70 0.57 . 0.00013
1.07 0.87 ' 0.00026
1.54 . 1.25 ‘ 0.00044
1.64 \\\__/, 1.33 ) 0.00096
1.92 . T 1.55‘ 0.00149
1.98 1.60 0.00157
2.08" 1.69 0.00179
2.12 1.72 0.00258
A.18 1.76 0.00363"
2.31 1.87 0.00529
2.44 1.98 0.00704
2.51 o 2.03 0.00770
. 2.67 2.16 0.00871
2.77 2.25 0.00884
2.83 2.29 © 0.00897
2.89 2.3 10.00884
3.00 2.43 .. 0.00770
3.08 2.49 . 0.00271
& CT\\\\ ~ )
§ )
3 SN

&
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TABLE 11
»
EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH FLOW
/ mass per unit length m = 1.243 kg/m
structural damping E =0.65 %
width of the model b=0.229 m
matural frequency Ngp= 4.4 Hz
WIND : REDUCED | FLEXURAL _
VELOCITY . . VELOCITY RESPONSE
vl CO[v/Ngpl [z/b]
< ;
0.00 ' 0.00 0.00 4
0.81 0.80 > 0.00009
. 1.14 1.14 0.00017
1.28 1.27 0.00031
1.43 1.42 0.00044
1.59 1.58 0.00057
N 1.67 1.66 0.00070
1.76, 1.75 0.00411
1.96 1.95. 0.00608 "
2.04 2.03 0.00752
2.12 2.11 0.00783
' 2.16 W 2-15 0.00809
2.25 2.24 ° 0.00787
2.31 - 2,29 0.00770
, 2.3 . - 72.33 0.00315
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TABLE 12 L

EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH FLOW -

‘ mass’' per unit length m = 1.659 kg/m
structural damping E = 0.65 %
width of the model b =0.229 m TN
natural Eggﬁuency Np= 3.4 Hay /)‘
; B A7) . !
WIND ‘ REDUCED FLEXURAL
VELOCITY VELOCITY ' RESPONSE
- vl ® [V/Ngb] - le/p] .
. N
0.00 s 0.00 0.00
0.76 L - 0497 0.00013
1.03 1.33 0.00026
1.14 1.47 0.00052
1.28 1.65 0.00105 v
4 1.34 1.73 0.00206
1.43. . 1.84 0.00503
1.49° S1.91 0.00599
1.57 2:01 0.00713
1.67 - 2.15 0.00735
A
1.72 2.21 0.00668 . °
- A ‘L,
1279 2.30 0. 00074
ﬁ, =
B * |
. -
s [
) kS
A £_ »
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TABLE 13
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EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH FLOW

mass moment of inertia -3 2
per unit length I = 5'?SSX10 .kg m”/m
structural damping £ =0.22 %
width of the model b = 0.229 m
natural frequency Np= 8.30 Hz
" WIND ) REDUCED TORSIONAL
VELOCITY VELOCITY RESPONSE
[v] [V/N_b] [e]
0.00 . 0.00 0.00 -
0.64 0.34 0.00
.1.03 0.54 0.005
1.21 " 0.64 0.014
1.34 0.71 0.017
1.54 0.81 0.019
1.62 " 0.85 0.019
1,72 0.90 0.023
1.90 1.00 0.230
1.96 . ©1.03 0.312
2.08\ 1210 ‘ 0.481
»2.27\\\\ . 1.20 qﬁ> 0.628
2.36 “1.24 i 0.73¢
2.64 1.29 i 0.725
2.60 “ 1.37 0.628
2.70 . 1.42 70.148
[~
| / .
; ' . .
% ' >
N '\t“.
‘}f{b» t
NG
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: TABLE 14 °

\'_

E;PER;MENTAE RESPONSE OF MODEL NO. 1 IN SMOOTH FLOW
mafgeﬁoﬁﬁig fgnégﬁrtia I = 5.255x107° kg m%/m
structural damping E =0.31 % '
width of the model b = 0.229 m
natural frequgncy < .NT=. 8.25 Hz

WIND REDUCED TORSIONAL
VEMICITY VELOCITY RESPONSE
(V] [V/Nb] (o]
0.00. "+0.00 0.00
.10.50 . 0.26 0.003
. 0.76 0.40 °* 0.005
0.90 0.48 0.007

- 1.03 ' 0.55 = 0.007 .

1.11 _ 0.59 R 0.008"
1.37 - 0.73 , 0.012
1.49 ~0.79 0.014
1.59 / 0.84 0.015

" 1.69 0.90 0.016
1.79 0.95 0.032
1.92 ) 1.02 0.199
2.04 . 1.08 0.363 .

"2.10 111 0.470
2.12 1.12 0.510

2,31 1.22 0.672

2.38 1.26 0.677

. 2.49 "1.32 0.498
Y60 ™ 1.38 0.209
2.68 1.42 0.104

()
;



TABLE 15

EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH FLOW
mass moment of inertia

per unit length I = 5.255x107 kg n’/m
structural damping E =1.22 7%
width of the model b = 0.229 m
natural frequency NT= 8.33 Hz
WIND REDUCED TORSIONAL
VELOCITY VELOCITY '/ RESPONSE -
vl (V/Nib] [e]
' 0.00 .0.00 0.00
0.81 “0.42 0.002
1.14 0.60 0.004
1.28 0.67 0.005
1.49 0.78 0.005
1.69 0.89 B 0.010
1.87 0.98 0.016
1.92 1.01 0.022
2.08 1.09 0.149
2.12 1.11 0.185"
2.21 1.16 0.228
2.25 1.18 0.206
2.38 1.25 f . 4100
2.56 1

.34 0.056

L
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EXPERIMENTALARESPONSE OF MODEL NO. 1 IN SMOOTH FLOW

mass moment. of inertia L _ ; -3 2
per unit length - I = 5.255x10 kg m“/m
structural damping £ =1.60 %
width of the model b = 0.229 m -
natural freguency NT= 8.20 Hz
WIND REDUCED TORSIONAL
VELOCITY VELOCITY RESPONSE
(vi [V/Nb] [o]
0.00 0.00 0.00.
1.18 0.63 0.002
1.28 0.68 0.004
1.54 0.82 0.007
~1.79. 0.95 0.010
1.9 1.03 0.014
2.00 1.07 0.015
2.21 " 1.18 0.018
2.38 1.27 0.022
2.51 1.34 0.025
2.64 1.41 ) 0.025
v,



TABLE 17
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EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH FLOW

mass moment of inertia

- per unit length I -~ 5.255x107> ke m* /m
structural damping E = 0.65 %
. width of the model b'= 0.229 m
natural frequency Np= 8.50 - Hz
WIND - REDUCED TORSIONAL
VELOCITY : . VELOCITY . RESPONSE
(V] {V/N;b] [e] -
0.00 ' . 0.00 0.00
0.50 0.25 4 0.004
0.70 0.36 0.005
0.81 0.42 0.005
1.03" 0.53 0.008
1.18 : 0.61 0.009
1.37 0.71 0.013
1.49 0.76 ) 0.016
1.64 0.85 0.018
1.79 0.92 0.023
1.87 0.96 © 0.031
1.92 0:99 0.037
1.98 ' 1.02 0.133
2.08 1.07 0.328
2.29 1.18 0.519
2.38 1.22 0.530
2.44 1.26 0.476
2.60 1.34 0.242 . .
. 2.83 1.46 0.063
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~\, TABLE 18

A

EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH FLOW
mass moment of inertia

- -3 2
per unit length I = 6.847x10 kg m"/m
structural damping E = 0.65 A
width of the model b=10.229 ° 'm
natural frequency NT= 7.50 » Hz
WIND - " REDUCED / . TORSIONAL
VELOCITY VELOCITY’ ' - RESPONSE
C vl - T [V/N.b]> - [l
. o % N )
0.-90 : -~ 0.00 0.00
0.57 ™ © .-+ 0.33 0.008
0.99 o 0.58 _ 0.013
T 111 . 0.65 . 0.015
1.21 0.71 0.018
1.51 0.88 . 0.025
1.57 ' 0.91 .- 0.028
1.69 0.99 0.199
1.76 1.03 _ . '0.288
1.85 1.08 . 0.390
1.94 1.13 ‘\\\,,/ . 0.403
1.96 1.14 0.405
1.98 - 1.16 . 0.418
2.06 1.20 ' 0.411
2.10 1.23 ' 0.382
2.16 1.26 0.333
2.32 1.35 0.197
2.46 1

.43 . 0.059
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TABLE 19
3

'EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH FLOW\_

mass moment of\inertia ; -3 2,
per unit length I = 8.437x10 kg m“/m
structural damping £ =,0.65 A
width of the model b =0.229 m
natural frequency NT= 7.90 Hz
WIND REDUCED TORSICONAL
VELOCITY : VELOCITY RESPONSE
(V] (v/n bl (o]
- S )
0.00 0.00 0.00
0.86 ©0.47 T 0,005
1.14 0.63 : ‘ OZQO9
1.49: _ 0.82 0.012
1.59 '0.88 0.014
1.64 0.91 0.016
1.72 0.95 0.019
1:87 1.04 0.189
- 1.92 : 1.06 0.225
2.08 . 1.15 - 0.308
2.14 1.18 0.279
2.34@' 1.30 , 0.204
* \
2.39 - 1.32° 0.181
2.57 1.42 . 0.041
/
P

e ctien e o

T
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, TABLE 20
4 .

EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH FLOW
mass moment of inertia

S er it Sengeh I = 5.255x107° kg m%/m
structural damping E = 1.59 %
width of the model b = 0.229 : m
natural frequency Np= 4.40 Hz
WIND Y REDUCED TORSICONAL
VELCCITY VELOCITY RESPONSE
(V] ' [v/N b} . (8]
0.00 0.00 .0.00
0.90 0.90 0.013
1.11 1.10 0.104
1.28 1.27 0.142
1.34 1.33 ~0.063
1.51 1.50 0.053
1.59 1.58 0.043
1.76 1.75 0.046
"1.98 1.97 0.067
"2.06 2.05 0.097
2.23 2 2.22 0.519
2.41 © 2,40 1.280
2.67 2.65 " 2.086
2.86 2.84 2.640
3.13 3.11 3.672
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TABLE 21

EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH FLOW

T mOnett Tengrn 1% 1= 5.255x107° kg m’/m
Structural damping £ = 3.30 % '
width of the model b = 0.229 m
natural frequency NT= 3.75 Hz -
WIND REDUCED TORSIONAL
VELOCITY VELOCITY RESPONSE
(vl [V/Ngb] (8]
0.00 . 0.00 0.00
0.81 0.94 0.013
1.18 1.38 1 0.031
1.46 1.70 - 0.035
1.54 [f 1.80 0.039
1.69 o 1.97 0.045
1.85 2.16 0.151
2.02 2.36 0.260
2.34 2.73 0.264
o 2.51 2.93 0.264
2.68 3.13 . 0.236
2.93. 3.42 0.228
2.99 3.48 0.208
3.22 3.76 0.228
3.28 3.83 0.787
3.41 3.97 5.222
3.53 . 4.11 5.938
O '*
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EXPERIMENTAL RESPONSE OF MODEL NO.

TABLE 22

87

1 IN SMOOTH FLOW

mass moment of inertia -3 2
per uni® length I = 5.255x10 kg m“/m
structural damping E = 6.92 %
width of the model b = 0.229 m
natural frequency NT= 2.80 Hz
_ A
WIND REDUCED - TORSIONAL
VELOCITY VELOCITY RESPONSE
(V1. [V/Ngb] (o]
0.00 0.00 0.00
1.43 2.23 0.051
1.92 3.00 0.045
2.21 3.46 0.045
2.57 4.02 0.045
2.83 4,42 0.045
3.17 4.95 0.067
3.26 5.09 0.081 °
3.44 5.38 0.500
3.50 5.47 0.858
3.62 5.65 1.365
3.99 6.24 2.813



EXPERIMENTAL RESPONSE OF MCDEL NO.

TABLE 23

88

1 IN SMOOTH FLOW

rss Tonent oF LTI 1520550107 kg w/m
structural damping E =12.73 %

width of the model b = 0.229 m

natural frequency Np= 2.81 Hz
WIND REDUCED TORSIONAL

VELOCITY VELOCITY RESPONSE -,q,
[V] [v/Ngb] °[e8] i
0.00 0.00 .00
1.34 2.09 0.040
1.87° 2.92 0.034
2.48 3.85 0.040Q
2.80 4.36 l’ 0.046
3.40 .5.29 0.080
3.59 5.59 0.197
3.75 5.84 0.206
3.95 6.15 0.300
4,00 6.23 0.389
4,05 6.31 0.291
4.23 6.59 0.375
4.41 6.87 0.403
4.57 7.12 *




89

TABLE 24

EXPERIMENTAL RESPONSE OF MODEL Nd. 1 IN SMOCTH FLOW
mass mome of inertia

-3 2
. per unif® length I = 2.990x10 kg m“/m

structural damping £ = 3,60 %

width of the mocdel b =0.229 m

natural frequency ' NT= 5.30 Hz

WIND REDUCED TORSIONAL

VELOCITY VELOCITY RESPONSE
(V] . [V/Ngb] i (8]
0.00 0.00 0.00
0.99 7 0.82 0.00
T e 1.31 ' 1.08 0-.031
1.54 1.27 . 0.056
1.92 . | 1.58 0.130
2.00 . 1.65 0.139
2.04 1.69 0.155
2.20 " 1.81 0.525
2.27 1.87 ‘ - 1.500
2.48 2,04 2.135
2.84. 2.35 . 3.337
TN
'\\ -~ )
Y .



TABLE 25

: . y I N
EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH FLOW

T et Teneen % 1 -11.536x107° kg m?/m
structural damping E = 3.60 %
width of the model “~b = 0.229 m
natural frequency Np= 3.00 Hz
..
.
WIND REDUCED TORSIONAL
VELOCITY VELOCITY RESPONSE
(v] [V/Nb] < Pel -
0.00 0.00 0.00
0.86 1.25 0.022
1.25 1.82 0.033
1.54 2.29 0.069
2.04 . 2.98 ' 0.085
2.46 3.59 0.099
2.68 3.91 0.114
2.86 4.17 . 0.103
3.00 4.37 ‘ 0.106
3.31 4.83 0.141
_3.58 5.22 0.153
3.64 5.31 0.160
3.71 T 548 0.186
3.84 5.5§ 0.141
3.94 5.75 0.139
4.20 6.13 0.157
4.23 6.17 ) 0.159
4.37 6.38 ¢ 0.183
4,41 ;6,43 0.197
4.50 6.57 0.255
4.69 6.84 0.474
LRE 6.93 0.629
4 486 7.09

Y

C

fie 4
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TABLE 26

EXPERIMENTAL RESPONSE OF MODEL NO. 1 IN SMOOTH FELOW

ness poment of Lhereis 115070070 kg n¥m
structural damping £ = 3.60 %.
width of the model b =0.229 m
natural frequency FT= 2.00 Hz
WIND  REDUCED TORSIONAL
VELOCITY VELOCITY RESPONSE
[v] [V/Ngb] | o]
0.00 0.00 \ 0.Q0
0.81 . 1.77 - 0.023%
1.11 , 2.42 0.036 N
1.54 . 3.37 : 0.047
1.85 . 4.05 0.085
* 2,10 4,60 | 0.100
2.56 15.59 ' 0.103
2,82 6.16 0.111
.S 3.16 6.91 0.131
3.44 7.53 0.150
3.73 8.15 0.183
IS 3.94 8.62 0.204
. 4.26 o 9.32 0.208
N 7 | 9 =48 d7259
/ 4,46 . 9.75 0.283
;/ 4.67 10.22 ' 0.453
% 4.89 10.70 1.212

4.99 . 10.92 *
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TABLE 27

EXPERIMENTAL RESPONSE OF MODEL

92

e ! 4

NO. 2 IN SMOOTH FLOW

mass per unit length m = 0.538 kg/m

structural ddmping £ = $ %

width of the model 'b @091 m

natural frequency NB=_5.45 Hz

‘ WIND REDUCED FLEXURAL
VELOCITY VELOCITY RESPONSE
[v] '[V/NBb] [z/b]
0.00. 0.00. 0.00
%--0.90 1.82 0.00088

1.46 2.94 0.00033
.1.87 3.78 0.00143
2.02 4,08 0.00176
2.20 4.43 0.00209
2.36 4.75 . 0.00253
2.54 5.12 0.00363
2.60 5.25 0.00484
2.68 5.41 0.00714
2.96 5.96 B 0.01560
3.16 6.37 0.02209
3.44 6.94 1 0.03571
3.78 7.63 0.04956
4.03 8.13 - 0.03736
4.65 9.38 0.06648
5.23 10. 54 0.06648
5.53 11.15 0.06747
6.13 12.35 0.06923
6.82 13.75 0.07264
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TABLE 28

EXPERIMENTAL RESPONSE OF MODEL NO. 2 IN SMOOTH FLOW

mass per unit length m = 0.538 kg/m
structural damping £ =0.95 %
width of the model b =0.091 m
natural frequency Np= 6.00 Hz
WIND REDUCED ~ FLEXURAL
VELOCITY - VELOCITY RESPONSE
(V] [V/NBb] [z/b]
0.00 0.00 0.00
1.11 2.03" 0.00044
1.67 3.05 ‘ 0.00121
2.10 3.85 ‘ 0.00176
2.48 L 4.54- 0.00253
2.87 5.26 . .0.00396
3.11 3.69 0.00736
3.47 - . 6.35 0.01440
3.67 & " 6.73 0.01670
3.89 d 7.12 0.02055 |
4.10 ' 7.52 0.02319
4.35 Y708 0.02560
4.63 8.48 0.02659
4.85 8.89 0.02659
5.16 ‘ 9.45 0.02571
6.10 11.17 0.02220
6.63 12.15 0.02253
7.29 13.35 0.02286
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TABLE 29
'\\'

EXPERIMENTAL RESPONSE OF MODEL NO. 2 IN SMOOTH FLOW
mass per unit length m = 0.538 kg/m
structural damping £ = 2.07 %
width of the model b =:0.091 m
natural frequency NB= 5.42 Hz

WIND REDUCED FLEXURAL
VELOCITY VELOCITY RESPONSE

vy o [V/NgD] [2/b]

5 -

0.00 0.00 0.00
0.95 o192 0.00055
1.40 2.84 0.00088
1.76 3.57 0.00132
2.00 4.06 ' 0.00176
2.29 ‘4,64 0.00220
2.53 5.12 , 0.00297.
2.60 5.28 0.00352
2.84 5.77 0.00549
3.13 - 6.35 0.01088
3.23 2 6.56 0.01242

© 3,33« .76 0.01363

‘ 3TZ§¢ ¥ ’Jg.oo 0.01286
3.63 7.36 0.01231
3.90 7.91 0.00615
4.07 8.26 1 0.00637
4.33 8.77 0.00736 -
4.99 10.11 0.00736
5.99 12.15 0.00989
6.73 13.64 0.01055
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"’- .
"TABLE 30-

— .

EXPERIMENTAL RESPONSE OF MODEL NO. 2 IN SMOOTH FLOW
mass per unit length m.= 1.570 kg/m
structural damping £ = 0.57 %
width of the model b=0.091 m
natural frequency Ngp= 3.75 Hz

. N g ‘ : :

( : WIND ' REDUCED FLEXURAL

' VELCCITY VELOCITY : RF:ISPONSE

- LVl [v/Ngb] [z/b}"
0.00 0.00 0.00

1.43 4.19 | 0.00110

o _ 1.59 4 J67 - 0.00143

v . 1.90 _ .56 a1, 00231

o 2.04 5.98 ' 0.00286

2.32 . 6.81 0.00396

2.43 7.11 - 0.00484

2.65 ’ 7.77 _ 0.00780

. 2.77 8.12 0.01099

2.90 8.50 0.01440

3.25 T9.52 . 0.04725

3.36 V.84 © - 0.05747

3.66\ 10.73 0.07538

/~



TABLE 31

EXPERIMENTAL RESPONSE OF MODEL

96

NO. 2 IN SMOOFH FLOW

mass per uniB\ length. m = 1.570 kg/m
structural damping E =0.72 %
width of the model b = 0.091 n
natural frequency ’ NE= 3.64 Hz
' A
WIND . REDUCED FLEXURAL
VELOCITY VELOCITY * -+ RESPONSE
V] [V/Ngb] - " [z/b]
‘ . . i,
N " ’ ’
0.00 0.00 - 0.00
0.81 2.44 * \0.00
0.99 2.99 ©0.00047
1.37 4.14 0.00065
1.62 - 4.88 0.00132
1.90 5.73 0.00236
2.20 6.63 0.00372
2,31 6.96 *0.00449
2.54 . 7.67 0.00449
2.64 7.96 0.00411
2.83 8.55 0.00486
3.03 9.14 0.00411
3.32 10.03 0.00411
10.82 0.00523

3.58
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TABLE 32

EXPERI{:NTAL RESPONSE QOF MODEL NO. 2 IN SMOOTH FLOW

ass per unit length 7m1= 1.570‘,kg/m
structural damping t=1.18 % -
width of the model b =0.091 m
natural frequency . NB= 3.89 Hz
WIND REDUCED ‘ FLEXURAL
VELOCITY VELOCITY - RESPONSE
[v] . [v/ngp] - (z/b]
0.00 0.00 o 0.00
1.03 2.91 0.00038
1.43 A 0.00132
1.83 S 5.17 e 0.00231
2.00 5.65. . 0.00253
2.20 6.20 0.00330
2.36 6.66 (’ .0.00407
2.57 . o 7.27 0.00462
2.82 7.95 '0.00418
2.97 8.39 | " 0.00451
3.15 S 8.88 : 0.00462
3.33 . 9.42 . 0.00462
3.58 _ 10.12 ' 0.00484
.3.88 10.96 0.00560
4.20 11.87 0.00516
4.50 - ' 12.72 0.00549
4.78 13.49 0.00593

5.47 : "15.45 -0.00648
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TABLE 33

EXPERIMENTAL RESPONSE OF MQODEL

.

98

NO. 2 IN SMOOTH FLOW
mass per unit length m = 1.570 kg/m
structural damping £ =1.59 %
width ¢f the model b =0.091 m
natural grequency Ngp= 3.89 Hz

WIND - REDUCED FLEXURAL
VELOCITY VELOCITY RESPONSE
(V] [V/Npb] [z/b]

0.00 0.00 000

0.99 2..80 0.00

1.34 3.79 0.00044
1.46 4.12 0.00077
1.76 4.98 0.00165
1.87 5.30 0.00198
2.04 5.77 0.00264
2.25 6.36 0.00286
2.49 7.04 0.00374
2.64 7.45 0.00374
2.76 7.79 0.00363
3.12 8.81 0.00385
3.27 9.74 0.00396
3,51 9.93 © 0.00418
3.87 10.93 0.00473
4,07 11.51 . 0.00473
4.39 12.41 0.00484
4.81 13.59 0.00516




EXPERIMENTAL RESPONSE OF MODEL NO.

TABLE 34

TURBULENT FLOW

99

3 IN COARSE GRID

mass per unit length m = 3.883 kg/m
structural damping £ =0.10 %
~width of the model b=20.197 m
natural frequency Ngp= 3.75 Hz
WIND REDUCED FLEXURAL
VELOCITY VELOCITY RESPONSE
(V] (V/Nyb) [z/b)
0.00, 0.00 0.00
0.81 1.09 0.00038
1.67 2.26 0.00083
2.21 3.00 0.00110
2.97 4.02 0.00146
3.73 5.05 0.00164
4.45 6.02 0.00184
5.29 7.16 0.00201
6.19 8.37 0.00244
6.75 9.14 0.00252
7.39 10.00 0.00275



EXPERIMENTAL RESPCNSE OF MODEL NO. 3

TABLE 35

TURBULENT FLOW

{\

100

IN COARSE GRID

mass per unit length m = 3.883 kg/m’
structural damping E€ 1.54 %
" width of the model b =0.197 m
natural frequency Np= 3.67. H=z
WIND REDUCED FLEXURAL
VELQCITY VELOCITY RESPONSE
(V] [V/Ngb] (/]
0.00 0.00 0.00,
1.07 1.48 0.00027
1.67 2.31 0.00045
2.36 3.26 0.00069
3.13 4.33 -0.00103
3.75 5.19 0.00109
4.48 6.20 0.00124
5.10 7.05 0.00137
5.75 7.95 0.00148
6.35 8.79 0.00157
7.28 10.07 0.00187
8.06 11.14 0.00207

S e
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TABLE 136
. EXPERIMENTAL RESPONSE OF MODEL NO. 3 IN COARSE GRID
TURBULENT FLOW
mass per unit length m = 2.015 kg/m
structural damping E =0.50 %
» width of the model b =0.197 m
S - natural frequency Np= 4.90 Hz
WIND REDUCED . FLEXURAL
VELOCITY VELOCITY KESPONSE
(vl B [V/NB-b] (z/b]=
0.00. - 0.00 0.00
1.21 ) 1.26 0.00045 .
2.14 2.22 0.00102
2.71 2. /81 0.00144
3.55 _ 3.68 0.00188
4,22 4,37 0.00229
5.19 5.38 0.00247
5.82 . 6.03 " 0.00254
6.44 6.68 0.00262
7.08 7.34 0.00269
\ 7.60 7.87 0.00279
> 8.14 8.43 0.00296
8.58 §.89 0.00313
9.40 9.73 0.00342



- TABLE 37

102

:

EXPERIMENTAL RESPONSE OF MODEL NO. 3 IN COARSE GRID

TURBULENT FLOW

mass per unit'lengtﬁ m = 3.883 kg/m
structural damping E-=0.50 %
width of the model b =0.197 m
natural frequency Np= 3.86 . Hz
WIND REDUCED FLEXURAL
VELOCITY VELOCITY RESPCONSE
[v] (V/Ngb] (2/b]
0.00 0.00 0.00
1.21 1.60 . 0.00046
2.06 ) 2.71 0.00094
2.65 .3.49 0.00124
3.45 ' 4. 54 0.00143
4.14 ' 5.45 0.00169
4.65 6.11 0.00186
5.27 6.93 0.00186
5.66 ' 7.44 .0.00196
6.20 o 8.15 0.00201
. 6.94 9.13 0.00217
7.62 10.02 0.00235
0.00247

8.14 1¢7. 70

~




TABLE 38
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EXPERIMENTAL RESPONSE OF MODEL NO. 3 IN COARSE GRID
. r  TURBULENT FLOW

mass per unit length m = 4.817 kg/m
structural damping 't = 6.50 %
width of the model b =0.197 m
natural frequency NB= 3.53 Hz
- WIND REDUCED FLEXURAL
VELOCITY . VELOCITY RESPONSE
(V] [V/Ngb] (2/b]
0.00 0.00. - 0.00
0.90 1.30 0.00038
1.90 2.73 0.00076
" 2.59 3.72 0.00112
3.31 4.76 0.00129
4.24 6.10 0.0015%
5.00 7.19 0.00172
5.60 8.06 0.00184
6.25 8.99 0.00196
6.81 5.80 0.00205
7.50 10.78 . 0.00215
8.28 11.90 0.00244
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c—a—>

MODEL NO. 1
(H-SECTION) .
e b
‘ .
s b = 228.60 mm -
d = 45.72 mm “‘“*“/fp
MODEL NO. 2 7r
(1x2 BOX SECTION) jl
€ b >
b = 91.44 mm

d.= 45.72 mm

MODEL NO. 3 <::::

(FLAT PLATE) . : 7
I .
1< - b” >
b >
b = 197.00 mm
b = 150.00 mm
t = 12.70 mm

]

FIG.S MODEL CONFIGURATION
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4_3 When a coﬁtinuouély distributed elastic structure such

’ as a bridge is excited by sinusoidally fluctuating force, it
will vibrate in reéonance at narrow frequency rangée around
its natural frequencies. Associated with each natural fre- .
quenéy, there is‘a mode shape defined. A single-degree-of-
freedom analysis can be applied to the analysis of multi-de-

gree-cf-freedom system using the following concept:'

1

r

Let ¢(x) be the function describing the mode shape aﬁg,
as a generalized coordinate, Y(f) describes the displacement
o{ the motion 'correspondingrto a reference point on the
structure where ¢ = 1, The displacement at any peoint x°

along the structure is, therefore,

Lylx,t) = $(x).Y(t) (c1)

The kinetic energy, K.E., of the system vibrating in
the pattern indicated by eq. Cl is '
. 1 " 2 ‘
K.E. ‘rsystem 2 m(x){cb(x).Y(t)_} dx ’ (c2)
Equating.this éxpression for the K.E. of the continuous
system to the K,E. of the equivalent single-degree-of-free-

dom system 1/2 My(t)? yields *

M= < m(x).2(x) dx (c3) \J

system
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N ) ‘ .
where M

genefé&ized mass,
and m(x) = true mass pér unit length,
| ¢
Similarly, by equating the work done by the external
forfces of the two systems, gengfalized force, °F, 1is ob-

. ' 4
tained. :

system

F=7 £(x,£) . 0(x) dx ()

. where f(x,t) = distributed external force.

Generalized stiffnégf can be obtained using the expres-

sion w =+/K/M, as .

(cs)

Therefore the response F/K can be expressed by .
k4 q } .
% oL E(x,t).0(x) dx . (c6)
w2/ m(x). $2(x) dx
If the_extérnal force, f(x,t), is independent of the

coordinate x and the distributed mass, mi(x), 1is constant,

Eg. C6 becomes

fO£) S d(x) dx )&

F
K wn 7 $2(x) ax

()]
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D.1 . FREE VIBRATION

The mcdel was manually excited 1in either vertical or

torsional mode. Signal traces such as the one shown below
were then obtained from thé chart recofder. The natural fre-

quency and structural damping could then/g;’;alculated.

Samble calculation:

Tracing of the 1x2 box section in vertical mode.

Speedof the moving chart = 5 mm/sec

9>mm

I

Length of the trace, L

Number of cycles, n

J

"i:'_*‘. U
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Natural freguency, NB = 7x5/% = 3.89 Hz

b
n

7 mm

o
]

4 mm

Logarithmic decrement, 6 =(1n{(7/4))/8 = 0.070

Damping ratio, £ .= (6/2m)x100

1.11% .

_\f

D.2 CALIBRATION FOR MODEL RESPONSES

The model deflection was detected‘using strain gauges
at ‘the leaf'springs. These two signals were fed through the
sum-and-difference amplifier from which the vertical and

torsional responses, respectively, were cbtained.®

D.2.1 Vertical Response

A dial gauge was placed at the centre 03 the mid-sﬁan
point of the model for the calibration. A known magnitude
of displacement, say 1 mm, was given and the Torresponding

voltage displayed on the voltmeter was recorded. The same
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process was repeated for several steps. A linear relation

was obtained from the plotting of given displacement against

voltage output and the calibration . factor was decided. The

result is listed in Table D1,

-

D.2.2 Torsional Regponsé

In order té’assure the pure torsional displacement, the
position of the centre of rotation of the model was fixed by
putting a thread at the point where the model was connectéd
to the mechanism which controlled the damping\and.stiffneSs
of the system (see Fig. 4). Knowing the vertical aisplace—
ment at the edge of the model, the width of tﬁe model, and
the corresponding voltage displayed, theICalibratiQp factor
was determined. Since the calibration fac®or depends on the
distance betwéen the springs, the same procedure was repeat-
ed af different spacings between the spsiRgs. The resu?ts

are listed in Table:D1.

\-




'TABLE D1

Calibration factors

N Vertical

\

Torsional

145

Calibration factors

Distance between springs

0.102 m
. 0.152 m

0.203 m”

0.254 m
- 0.305 m
0.356 m

)

0.03 mm/mvV

0.0348
0.0222
0.0174
0,0135
0.0116
0.0102

deg./mV‘

deg./mV
deg./mV
deg./mVv
deg./mV
deg./mVv

Pl
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kkkkkhkhkhkkkkhkkhkhkhkkkkhkkkkkhkkkkkhkk

* ) ‘ *
* RESPONSE CALCULATION *
* ] Tk

IhkhkhkhhhkhkhhhkhkhhkxARhkRkrhAhkkAhkh ik

DIMENSION BMU(5),BNU(5),22(6),2ZA(6),AFZ(5)
COMPLEX*16
CMPLX,HO,Hl1,DEN,CC, ZL,AL, ZM,AM,BZ ,BA,AAL,AA2 ,AA3,AAL

COMPLEX*16 DEL,CC1,CC2,CC3,CG4,CC5,CCh

Xy e R R e R R 2L

* *

* 'SL  : SLOPE OF LIFT FORCE COEFF;CIéﬁT *
* SM : SLOPE OF MOMENT COEFFICIENT *
* BET : FREQUENCY RATIO FA/FZ ' *
* SP : SPAN LENGTH OF THE BRIDGE *
* AMU : MASS RATIO . . *
* ANU : MASS MOMENT OF INERTIA RATIO *
* HG : DECK ;EIGHT *
* BB : LINEAR DIMENSION OF THE BRIDGE DECK *.
* CC : CORRELATION FACTOR *
* TI  : TURBULENCE INTENSITY *
* 22 : PLEXURAL DAMPING . *
* ZA  : TORSIONAL DAMPING o
* FZ  : FLEXURAL FREQUENCY o

* FA : TORSIONAL FREQUENCY *

147
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*

khkkRkhkhh kXXX XA A kA hhkhkdhrkhhhkdhkhkhhhkkhkhkhkhdhkkxk

101

102

50

103

51

104

52

11

READ(5,101) (AFz(I),I=1,1)
FORMAT(5F10.3)

PI=4 . *ATAN(1.)

READ(5,102) BB, TI,HG
FORMAT(3F10.2)

WRITE(6,50) BB,TI,HG
FORMAT{3F10.2) ‘
READ(5,103) (2z(1),zA(1),1=1,5)
FORMAT(10F6.3)

WRITE(6,51) (zz(I),2A(1),I=1,5)}
FORMAT(10F6.3) |
READ(5,104) (BMU(I),BNU(I),I=1,5)
FORMAT(10F6.2) _

WRITE(6,52) (BMU(F),BNU(I),I=1,5)
FORMAT(10F6.2)

SL=2.*PI

SM=PI1/2

WRITE(6,11)

FORMAT(1H1////10X,'INPUT DATA - FLAT PLAT'//)
DO 2 L=1,1

FZ=AFZ(L)

>
_ SP=045969
~ FA=0.0

DG 2 M=1,1

FA=FA+AFZ(L)
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DO 2 K=1,5 |

DO 2 J=1,5 ‘ ‘ . !

BET=FA/FZ -

AMU=BMU(K} _

ANU=BNU(K) . K ¢

WRITE(6,12) AMU,ANU
12 FORMAT(///,10Z,'MU =',F5.2:3x;'Nﬁ =',F5.2/)

WRITE(6,13) FZ,FA |
13 FORMAT (10X, ' FREQUENCY (HZ) ~—= . VERT
' ,F6.3, 3%, "TORS="',F6.3/)

222=22(J)*100.0 _ ST

2AA=ZA(J)*100.0 . Zf

WRITE(6,14) ZZZ,ZAA ' \
14 FORMAT(lOX,'DAMP£NG(%) --~ VERT =',F7.5,3X,'TORS
'L, F7.5/) _
~ WRITE(6,15) SP | N ,
15 FORMAT(//,10%,'SPAN LENGTH (M) = ',F10.5//)

Do 1 1=1,10

VR=FLOAT(I)

i

kAR IkRRAA Ak Ik AkRkkrhhkhkhkkhkhkhhkhhkhhkhkkhhkkikkhkhkkhkkkkk

* *

*  §52

SQUARE OF RMS OF VERTICAL RESPONSE  *
* SSA

SQUARE OF RMS OF TORSIONAL RESPONSE *

KhkIKKRKIXKKAKKA T KKK AKKARRERKAKRIAKRK A AR AR AR A AN hhkkhkkkx

*

$82=0.0



$SA=0.0
DO 10 IX=1,100
" XI=FLOAT(IZ)*0.05

KERKKEXKKIXXTIhkhhkhkhhkkhkkkhkhkhkhkhhhkhhkrhhkhkhkkhhkhhkkhkkhhkhkdkkkhkkkkkk

. e
% , S *
* APPROXIMATION OF THEODERSON'S FUNCTION: F(K) + IG(K) *
- ********************:'k*************************************
AK=PI*XI/VR ‘
HO=CMPLX(1.0,-0.0455/AK)
‘H1=CMPLX(1.0,-0.30/AK) | _
© CC=1.0-0.165/H0-0,335/H1 ‘ - o
”Cc1=-2.b*cc/AK : . : " ' )
*********************************:\:*****************'******* ('
* * * \_)
* USING THEODERSON'S FUNCTION, :
* THE NONLINEAR FORCES CAN BE APPROKIMATE:'ZL,iL,ZMtAM' *

*. : ' * ’ /
**************’*********************\;‘**********************
ZL=CMPLX(-1.0-AIMAG(CCl),REAL(CC1)}
CC2=CC1/AK S
. ~~ :
CC3=(-CC-1.0)/AK ' '
AL=CMPLX(REAL(CC2)-AIMAG(CC3),AIMAG(CC2)+REAL{CC3))
" - r\.’-
CC4=CC/AK ) _
_ ZM=CMPLX{ ~AIMAG(CC4) ,REAL(CCY) )
CC5=CC4/AK

'CC-1.0)/2.0/AK" .

ey

S |

e
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AM= CMBLX( 0. 125+REAL(CC5) -AIMAG(CCS), AIMAG(CC5)+REAL(CC6})

*****************************************#**tf*********

h \
* u

-

{z FORM THE F} EQQFNCY RESPONSE FUNCTIO

.
* X [T
L8

Nt Al,A2,A3, A4 *
N

*. DEL -: THE DE ERMINANT OF THE FREQUENC& RESPONSE *

*

f PﬁNégIQN | ~ -

-

r
\ ' -
‘\ *xk *********************gf&**************************

BZ= CMPL {1: —x:*xx 2. *XI*ZZ(J))

¥
*

-~ .

7

-_‘/,{'
BET**Z-XI**Z,2.*BET*XI*2K(J))

AALEAMU*BZ-ZL*XI**2
AAZ;—xngI**z
“AA3=- (ZM*XI**2) _
AK3= ANU*BQXAM*X *2

ZJJ DEL=AAl*AA4- KAZ*AA ’
R1=CDABS (AA4/DEL)
R2=CDABS(AA%/DEL)
R3=EDABS{AA3/DEL)'
‘Ré= =CDABS (A1 /DEL)

********************************

* a *

)

. * FORM THE RESPCNSE SPECTRUM_ *

* . ’ *
khkkhkhdhkhhkdrhkhhkhkhhkrhrkrhkrd bk ki kk
= (SLAVR*X*2/(P1**3) ) **2

B=PI**2*%2*XI /VR+1

: <
hkkdkhkkkhkkhkkhkhkkkhhkkhhhkkhhkhkhhkhhkkkk



* *

8 .
* FORM THE VELOCITY SPECTURM *
* %*

******************t*************

TT=2.0*PI*0.025/BB/VR .
" C=(TI*0.5)**2%TT/PI*(1.0+4.78*TT*%*2) .
D=(1,0+1.79*TT**2)**(11,0/6.0) |
- G=(2.*SM/SL)**2

***********************************

-

* *

* THE JOINT ACCEPTANCE FUNCTION *

* (CC : CORRELATION FACTOR *

* *

***********************************
HX=8,*SP*XI /BB/VR T
. . < . .
H=(2./HX)*(1.-(1.-EXP(-HX))/HX) .
*******************************************ﬁ**

* *

Ve
* CALCULATE THE CORRESPONDING RMS RESg@NSE *
* TO EACH FREQUENCY *

* *

****f*********************************?*******

SZ=(R1**2+G*R2**2 ) *H*A*C /B /D
5 R3**2+G*R4**2 ) *H*A*XC /B /D
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* *

* SUM UP THE SQUARE OF RMS RESPONSE *
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* EOR EACH FREQUENCY ' *
* ‘ *
I X EE T I LR L ESLT T RS S LESL S S LS PSS LS FE L LY L
§57=S52+52%0.05 _
SSA=SSA+SA*0.05 : . _ -
10 CONTINUE ' '
 SSZR=SQRT(SSZ)/2
SSAR=SQRT (SSA)
WRITE(6,17) VR,SSZR,SSAR
17 ' FORMAT(/10%,'VR=',F7.1,5X%,"2="',F10.5,3%, 'A=",F10.5)
1 CONTINUE
2 CONTINUE d
STOP

END™





