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ABSTRACT

e

In the beginning of Chapﬁer 1, the characteristics and

.- The

necessity ‘of wind tunnel testing and the summary of

the .types of cable-stayed %{idges are introduced

aerodynamic behaviour of long span bridges are also included

s

in the first Chapter. Comments on different model testing

techniques are made at the end of Chapter I.

. S
The work is concentrated on the aerodynamic p;oblem§ of

shallow .box girder bridge using the Proposéd'hnnacis Islané -

Bridge as an example. A brief introduction of the bridge as
well as the previous wind- tunnel study at NAE/NRC are
presented in Chapter II . 1In this previous study, the
“1/60-scale sectional model ;as tested onlyin smooth flow. A

part of the experimental results are summarized here.

For the present study, the.1/500-scale taut strip model

and 1/500-scale sectional model were tested under six flow

conditions as is described in Chapter III . Results of the

flow measurements are discussed. From the non-turbulent flow

results of the 1/500-scale models, the 1/60-scale secFional,

model test results are confirmed..

The buffeting response increases proportionally to

turbulence intensity as was expected: The buffeting

J

-

_ii_



response of the 1/500-scale taut strip model (3-D) and the
sectional model {2-D) agreed satisfactorily. 1t fis
noteworthy, however, that this agreement was found to be
less satisfactory in boundary layer flow conditions, in
which, the three-dimensional charadteristics oX the flow are

more pronounced.
XN

Finally, a series of parametric studies on buffeting
response has been done using a mathematical model. The

summary of the results is given in the Appendix<B>.

“.j1i =
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Chapter I
INTRODUCTION

1.1 CABLE-STAYED BRIDGES

LN

The +selection ~of a specific type of bridge
superstructure for a particular site is not an automatjc
engineering process. The principal parameters to. be
considered are : the span lengths of the bridge, the
foundation conditions, environmental forces to be
considered, the aesthetic considerations for the site, and
finally the relative cost of one type of bridge with another

comparable design.

The aesthetic and safety considerations are <ommon for
many types of bfidges but their relative cost is highly
dependent oh the design selection. When the main sp;n length
of a bridge exceeds 250 metres,ﬁ the -suspensicn bridge
(Fig. 1.1.1) and the cable-stayed bridge (Fig. 1.1.2) tends
to dominate all other designs, not only because theirr

erection 1is more economical, but . alsc because of their

elegance and graceful beauty.



main cable

Figure 1.1.1:  Suspension bridge

M
£ ey T m =

Figuré 1.1.2: Cable-stayed bridge

The major structural difference betweén‘the cable-stayed
bridge and the suspension bridge de;ign is the orientation
of the cables. For a suspension bridge, the main cable,
which is conne;ted to the bridge deck by the hangers, is
anchored at both ends in the ground. On the other hand, the
Eable-stayed bridée is a self-éupporting system. All thg
stay cables are anchored along the bridge deck and are

attached to the tower,

As stated previously, the cost of building a bridge is
one of the factors in selecting the type of bridge to be

built. The economic survey of suspension bridge vs. cable-

T



stayed bridge, which was done by Podolng [16), indicated
that if the main span length of a bridge is within the range -
of 200 to 700 metres, the dable-stayed bridge is moré;
economical than the suspension, arch or cahtiléve{gdesigns;
The main spans of most of the bridges built fall within the

200 to 700 metres range,

The modern cable-stayed bridge design was developed in
West Germany during the post war years ofureconstf ction in
Eﬁrope. West Germany found that approximately 15,000) bridges

- had been destroyed during the war. In this peroid of time,

steel was in short supply and a great emphasiis was placed on
minimum:weight design. As a result, an ortho ropié'type of
bridge deck combined with cable-stayed design was adopted.
This bridge structure in some cases reduced weight by as

much as 40 percent of their original design.

A common type of the cable~-stayed steel bridge 1is the
SeYerin Bridge in Cologne, West Germany, 1959(Fig. 1.1.3).
The bridgé consists of Ysix continuous spans with lengths .of
© 161-292-157-990-494-172 ft (49-8?-48—301.8-150.6-52;4 m).
The two large spans are stiffened Ly a system of 12 cables
intersecting at the top of an A-shape tower. - This cable
arrangement provides a very good ﬁorsibnal‘rigidity to the
bridge. . The cross section of fhe bridge consists of two box
girders 10.5 ft (3.2 m) wide, with a depth varying from
approximately 10 ft (3.05 m} at the end abutments to 15 ft
(4.57 m) at the middle of the bridge. : !

- 3 -
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Figure 1.1.3: Severin Bridge , Cologne, West
Germany, (After {1])

Spans of cable-stayed concrete girder bridges have been
recently expanded to compete with their traditional steel
counterparts fér long span constructions. Given adequate
foundation conditions, the centre span of cable-stayed
bridges can be extended into the range of 500 metres where

previously only an arch or a suspension bridge was feasible.

. ‘The first cable-stayed concrete structure was the Tempul
“aqueduct across the River Tempul, Spain, 1925 (Fig. 1.1.4).

In 1857, 32 years later, a bridge over Lake M;Lacaibo with a

400 metres cable-stayed centre span was originally designed '




in prestressed c;ncrete, but the.design wés never used.
Instead, a multiple span cable-stayed concrete bridge was ;
compléted with shorter spans in 1962 (Fig. 1.1.3) [15]. This
'-particuiar bridge, with span lengths of 160 m, 5 at 235 m
- and 160 m, has.six A-shape towers. Four stay cables are

anchored at the tops of the towers.

Ty Yo
-
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Figure 1.1.5: Lake Maracaibo Bridge, 1957 (After [15])



In modern cable-stayed bridge design, there are many
types of |\ configuration. The main characteristics . of ‘these

configurgtions can be generally summarized as follows [15] :

A) Spanjarrangements
There laré three basic types of span arrangement }
1. o spans, symmetric or asymmetric (Fig; 1.1.6)
2. Three spans (Fig. 1.1.7).

3., Multiple spans (Fig.‘l.1.8). : *'"

B) Cable arrangements

The cables are arranged either in. twoe plahes or in a
'single plane. Each of the twé basic arrangements may have

~more than one variation as shown in Figure 1.1.9.

There are four basic configurations for the anchorage of
cables (Fig. 1.1.10) :

l. The radiating or converging configurétion' where ald
the cables are spaced along the gir&er and .arer
attached at a common point on the tower.

2. The harp configuration where the cables are parallel
to each other and are spaced along the girder and the
tower.

3. The fan cénfiguration where the cables are spaced

“along the girder and the tower but are not parallel

to each other.



4. The star configuration'where the cables .are spaced
along the tower and converge at a common point on {ﬁél
girder. .

C) Girder deck

- For;the design of girder briages, Iléhaped plate'girders
have been most frequently used. In the past 50 years, Vthe
.briage deck with single-celled or mﬁlti-celled box sections
'has'come into fashion. For aesthetic or aerodynamic reasons,
~the box girders in some cases have been rounded at both
edges. At the same time, the trend towards longer spans
makes designers caut1ous about the choice of box girder
confiqurations considering the dynamic behaviour ‘gjy the
bridges. Therefore, different kinds of theoretical and
experimental methods have vbeen developed to verify the
reliability of the box design. Some of the box sectioﬁ

examples are listed in Figure 1.1.11.

1.2 NECESSITY OF AERODYNAMIC CONSIDERATIONS

Response to wind is one of the most 1mportant factors in
the design of long-span br1dges particularly when the span
of then bridge bécomes *so long that the possibility of
structural failure becomes higher due to  increasing
flexibility. It is known that such bridges are susceptible
to aerodynamic effects which 1nc1ude vortex- induced

o
osc1 lation, buffet1ng and torsional 1nstab111t1es.



The ~dynamic- response of bridges to wind is strongly

affected by the structure of wind. Natural wind is compofed
of mean flow and turbulence (}

~&. fluctuations about‘ the
mean}. Mean wind loading can be estimated using iift and
drag forcés and pitching moments measured in wind tunnels.
However, the consideration of the insidious effects of an
instantaneous localized gust is neceSSafy; otherwise, peék
loading will not be taken into‘account. The gqusts of the
wind can be described bﬁ its power spectrum (i.e. the energy
distributiog\\at different frequency of the wind). The
correlétions of the velocity fluctuations at different
points on the bridge is also imporfant for long spamr~bridge
design. The effect of spatial variations of wind velocity on
bridge response is briefly discussed 1in the parametrigﬁkﬂ
analysis. f

One of the first to consider the effect of gusts in the
design of bridges was Sherlock in 1947 [9]. His conclusion f<::>
was to use the mean wind velocity and the "gust factor"”,
which would allow for the additionél effect of gusﬁs, to
express the peak wind velocity. Later on, wind loads acting
on a structure were' found to depend upon various factors
such as the features of fhe appr?aching wind flow and the

geometry of the structure.

The instability criterion of galloping was first applied

by Den Hartog in 1932 for 'iced power lines [8] . - Later on,

5 (
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Parkinson and -Smith elaborated on the galloping.
dharac;e;istics in terms of dependency on the geometrital
shape'of structures and non-linearity of aerodynamic forces.
In addition, vortex oscillation was studied Dby von
Karman(1941), Roshko‘(1954), Brooks (1960), and Smith (1962)
in connection with possible geometrical shapes of bridge
structures [B] . The original Tacoma Narrows suspension
bridge exhibited some vortex-excited bending oscillation
months prior to its fatal torsiona; vibrat?on. Substantial
research on the collapse of the Tacoma Narrows Briége in

1940 did not consider turbulence effects.

-~

It has been well established that a suépension bridge is
often vulnerable under strong wind. The idea of using
spectral analysis of random vibration theory wés pioneered
by Davenport [2] . -However, with 1limited knowledge of
workable analytical methods, the w{nd effects can be studied
in wind tunnels and ¢ mpared with' actual observations.
Davenport and his team [é] made a full scale observations on
the Bronx-Whitestone Bridge in New York City and compared
the results with different wind tunnel tests. They concluded
that the effect of turbulence on bridge buffeting and
torsional instability was significant. Siﬁilar wind tunnel
tests are now needed for cable-stayed bridges because they
show the same aerodynaﬁic problems as suspension bridges
when the span lengths of the cable-stayed bridges are

. -
increased. .

-
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1.3 BRIEF DESCRIPTION OF WIND-INDUCED BEHAVIOUR OF BRIDGES
IN GENERAL

. T ' F

As long span bridges are generally extremely flexible
poth in torsion and bending, they are prone to several forms
of 'aerodynémic excitation which may résulf- in wvertical
bending or torsional motion or in coupled ‘vertical and
torsional motion. Some different types of aerodynamic
excitation mechanisms that affect structures are buffeting,
vortex excitation, galloping, torsional instability and
classical flugzér. .However, gailoping is not a problem for
bridge decE}motion. The amplitude response of buffeting and

vortex excitation are geperally limited in magnitude, while
7
galloping, torsional instability and flutter tend to be

tructive or’ catastrophic. All these aerodynamic
echanisms can be found in previous research works and can

be summarized as follows :

1. Buffeting

Buffeting is a turbulence induced oscillation
caused by wind gusts in various modes of the bridge.
‘The vibration hés a random nature 1in bdth amplitude
and freQuQPcy content. The random fluctuations of the
gust, which can be depicted in statistical térﬁs, are
distributed over a wide range of frequencies.
Therefore, either an experimental approach or a
ﬁathematical approach using statistical models has to

" be used to estimate the buffeting response of a given



_system. -One of the simplified statistfcalfapproachgs

- . Fa
is referred in Appendix<B>,™™ . - p :

Vortex-induced oscillation

When the bluff cross séction of the bridge'deck
is exposed to an air flow, é double row of air
vortice§ is often formed in the wake of the body.This
is referred to as a Karman vortex street. The vortex
street behind a circular cylinder is shown in Figure
1.3.1. The vortices form as a result of separation
of flow at the top and bottom of the bridgerdeck.

These vortices produce oscillatory forces on the body

" transverse to the flow. The frequency of these

vortices can be given as follows :

f=8SxVv /D

in which f = frequency of vortex formation
S = Strouhal number
D = linear dimension of the beody
projected on a plane normal

to the mean flow velocity

<
(]

mean speed of oncoming flow.
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Figure 1.3.1: von Karmdn vortex street-

The Strouhal number depends on the-‘structural
shape and Reynolds number. For bluff bodies with
sharp corners, S is usgally constant fdr Re > 10°?
and yet with curved boundaries, § is a function éf

Re.

When a bridge structure is at rest, the strouhal
number of the bridge deck can be assumed constant. A
straight 1line, which shows the frequéncy of the
vortices is proportional to the wind speed, can be
drawn as shown in Figure 1.3.2 . When the freguency

of the vortices is close to the natural freqguency of

“the structure, the vortices are important source of

excitation- of motion of the structure. Once the
motion starts, the vortices shed from the oscillating
body may be "locked-in" to the mot ioh of the bridge
itself, In this circumstance, the rhythm of vortex
discharge ceases to conform exactly to the strouhal
rule and becomes instead the structure rhythm, 1i.e.,

the pattern of alternating vortices begins to be

..12_



,governed by the motion of the body rather than the
original vortex shedding. At this stage, the vortex-._
induced fqrcas on a structure are coupled wit;‘the
fluid flow pattern and the dynamic behaviour of the
overall sfstem will become "self-controlled”. There
is usuaily a narrow range of wind speed (the "locked-
in" region as sﬁown in Figure 1.3.2), above and below
which loss of structural rhythmic control of vortex
shedding occurs. This oscillation is termed vortex-

induced oscillation,.

Structure at test

Scructurs
| natural frequency

I
!
|

_____ ———pf =

voRTEX FREQUDICY { Ha 3

B "Lock~4a"
rugion,
- aCTUCtus o
Ha motion
L ] —t
1 ! I J 1 2 ! ! L

) Vo v st (we) . .
Figure 1.3.2: Vortex frequency characteristics with and
without motion

The presence of turbulence in the air stream can

break up the mechanism of vortex shedding.

The vortex excitation is generally not
catastrophic to the structure but fatigue damage may

be encountered.



3'

Galloping

. -

Galloping is a single-degree of  freedom !self-
excited bscillation. when a slender bluff structure
oscillates transverse to the flow, there is a
corresponding variation Vin the apparent angle of
incidence(Fig. 1.3.3). Considering that the rate of
displacement 1is relatively slow compared with the
wind speed, i.e. 2/V << 1, the guasi-steady approach
is applicable; i.e., the aerodynamic forces on the
structure are determined solely - by the ins;pntaneoys
relative velocity and the angle of attack of the flow
to the structure. This implies that the information
about aerodynamic forces can be given by wind tunnel
tests on stationary ‘model held ‘at various angles.
Because flow separation occurs on bluff bodies, the
aerodynamic forces may be non-linear functions of
relative angle to the flow. £ .

F, .
\ / 0
t
1

re

b2

b

Figure 1.3.3: The mechanism of vertical motion of a

bluff body

—14_



The variation of aerodynamic {orces acting on the
body has in general two terms: one is the "in—phaéé‘
force or the force proportional to the displacement;
and anéther is . the "out-of-phase” term or the force
proportiongl to the displacemen£ rate. The latter
term is callea aerodynamic damping, which may be
positive or negative, depending on. the conditions.
The total damping of the bridge, which is the sum of
structural damping and aeYodynamic damping, is a
function of wvelocity. If the total dJdamping becomes
negative, the émplitude response of the structure

will grow. This is a self-excited oscillation.

Galloping, as was mentioned previously, is not a
problem for bridge deck motion. This mechanism may
occur if the\ bridge deck is deep compared to ts
chord{(chord/depth > 4). Most existing long span
bridges have a chord/depth ratio greater than 4,

Torsional Instability

The cause of the torsional instability phenomenon

" has not been clearly established in the literature.

It is a single-degree of freedom self-excited
oscillation in the torsional mode. The existence of
torsional instability is substantiated by the
presence of negative total damping in the torsional

mode.

- 15 -.



Classical flutter

.

) FIRN

The name- "flutter" is used in‘ the field of
aeronautical engineering-to designate a special kind
of aeroplane wing oscillation which may occur about a
certain critical velocity. The wing must have- ﬁt
leaSt two degrees of freedom, and the coupling
between different modes due to the aerodynamic forces
is essential. The vibration modes are in different
phases and the motion is therefore called "flutter"

and the amplitude response is divergent.

[

The classical treatment of an aerofoil flutter in
a steady air flow can be applied to a bridge deck
with a plate-like section because of their close
similarity in aerodynamic characteristics to an
aerofoil section. This 1is called the “"classical
flutter" theory which was developed 1in 1930's and

then first applied to bridge structures by F. Bleich

.in connection with the collapse of the Tacoma

.Narrows.

The presence of classical flutter phenomenon.with
bridge decks is not easily establishéd. The essential
phase shift between torsional and flexural mode is
seldom demonstrated. General_ characteristics are
coupling of vertical and tofsional.ﬁgéés and sudden

increase of amplitude which immediately leads to the

B

structute to destruction.

_16_



1.4 COMMENTS ON BRIDGE MODEL TESTING TECHNIQUES

Fowo
A considerable amount of work has been done on the

modelling techniques for prediction of the behaviour of long
span bridges wunder wind action.  Due to the limited
availabiiity of facilities, it is neceésary to make a number
of assumptions for the simulation. fhese assumptions should
be made as realistically as possible without sacrificing
essential information in_feality. We models which have been
often used in the wind tunnel tests are full models and

seéctional models.

The full model duplicates the entire prototype bridge to
a smaller scale with proper physical scaling -factors :
length, mass, geometrical shape etc.. Thé elastic
characteristics of the prototype are. also simulated in
dynamic studies. But the scale ratio of large structures may
become very small because of the limited size of available
wind tunnels. With such small -ratios, it 1is rather
difficult to <construct the model with exact simulation in
geometry and mechanical properties, ana therefore, the
reproduction of the behaviour of the prototype may not be
satisfactory. Instead, rather than the testing of the
entire model, the testing of two-dimensional section of a
bridge has often been used. Tﬁis is called a sectional model
test which is popular because of rglative ease 1in cost and

handling compared to full model tests. The sectional model

-.17 -



represents a short, mid-span section of the deck and must be
scaled in shape and mass; it is assumed to be rigid and mast
be supported by springs ‘that  simulate the dynamic

characteristics of the structure..

Researches at‘;hemBoundary‘ Layér Wind Tunnel Laboratory,
University of Western Ontario, showed some difference in the
response between sectional and full models.‘ The paper([5]
brought attention fto the behaviour of sectional and full
models pf the Halifax Narrows Bridge, Nova Scotia, Canada.
~The dissimilarity of the results between twog models in
uniform flow caused suspicion of the technique of sectional
model test. It was found that the sectional model indicated
the instability characteristics at a distinctly smaller
velocity value than the full model. The suﬁmary of the
testing results of the Halifax Narrows Bridge is shown in
Figure 1.4.1 below. The dramatic modification of onset wind
speed of instability was the point focussed on. It |is
notéﬁorthy because, in the past, Fraguharson & Vincent and
Frazer & Scfuton [5] had obtained satisfactory gqualitative
agreemént between sectional and full models. Incidentaly,
the sec;ional model tests have satisfacﬁorily predicted the
unstable behaviour of several full scale bridges including
the Tacoma Narrows, Golden Gate and‘Deer ' 1%1€ Bridge, at

least qualitatively.

..la_
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Fiqure 1.4.1: Summary of response of full model and sectional
model (After [5])

Therefore, the fundamental question for the aerodynamic.
testing of long-span bridges aéain‘arises : can the section
models predict the full bridge behaviour adequately? Also
the conventional secticnal models are seldom tested in

-turbulent wind because of their inherent . two-dimensional
characteristics. However, it is important to find out the
role of turbulence in- bridge aerodynamic stability studies.
These difficulties in sectional model testing can be solved
by performing the three-dimensional full model tests. But,
as mentioned before, the sectional model test has been

often used to replace the full model test. So, is there any

!
!
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other testing method which could be employed to forecast the
response .of the long-span bridge under turbulent wind other

than the full model?

Professor A.G. Davenport suggested a third alternative,
the taut strip mbdel, which has“the convenience of seftional
models and allows the direct measurement of the response in
a three-dimensional turbulent wind. In the studies of the
Bronx-Whitestone Bridge in New York.City [6] and the Golden
Gate Bridge in San Francisco [13] , it was found that the
aeroelastic behaviour of.-tﬁé taut strip model in turbulent
flow wéﬁ found to agree well with full scale observatioﬁs.
An attempt to use taut strip models to observe the response
of the proposedIAnnacis Island Bridge - Concrete version has

been made in this study.

....20._



Chapter II

 PREVIOUS WIND TUNNEL STUDY OF ANNACIS ISLAND
BRIDGE AT NATIONAL RESEARCH COUNCIL

2.1 GENERAL DESCRIPTION OF THE ANNACIS ISLAND BRIDGE

The Annacis Island Bridge connects the Annacis Island on
the Fraser River with a dist;ict of New Westminster, British
Cdlﬁmbia, Canada (Fig. 2.1.1). A cable-stayed bridge is
proposed; From Figure 2.1.2, it can be visuvalized that there
is a 1long fetch of open water normal to the bridge
direction. On the far side of the sketch, North-West of the
bridge location, - is a suburban area with vegetation. The
wiﬁd fldw over the bridge site presumably has low turbulence
intensity; however, the wind flow may have higher turbulence
intensity when the wi€d comes from the North-West guadrant,

In general, the bridge site and its environment are

topographically flat.

There are two different design versions for the bridge;

"one is. a concrete design and the other is steel. The general

sketch of the concrete design is.shown in Figure 2.1.2. The

total length of the bridge is 880 metres with a centre span
cf 440 metres. It is a three-span cable-stayed structure in

which the cables are arranged 1in vertical double planes. A

-
.

/7
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large number of stay cables in harp cqnfiguration allow the
distribution of the forces to the gifd;r so that a shalliow
.’box girder can be used. The depth to width ratio of the
concrete box is approximétely 1l to 20. The shallow box
girder design is favoured because the aerodynamic drag forcg
acting-on \it is small. The advantaég of adopting a large
number of stay cables is to reduce the magnitude of maximum
bending moment in the bridge girder. Consequently, thé
bending stiffness of the deck can be reduced, which is
consistent with the previous point of wusing a shallow
girder. It is worthwhile to pay special attention teo the
Annacis Island Bridge as an example to investigate the wind
induced response of cable-stayed bridges because of these

-

two characteristics. t

2.2 STUDY AT NATIONAL RESEARCH COUNCIL OF CANADA ON
1/60-SCALE SECTIONAL MODEL

The copsulting firm, Annacis Bridge Consultants, which
proposed the concrete version of the Annacis Island Bridge,
wanted to examine the wind-induced behaviour of the proposed
bridge. The wind tﬁnnel test was conducted at the National
Aeronautical Establishment(NAE), National Research Council

of Canada(NRC}.

.-22..



2.2>} Description of the models . \N
Rl . - £

L2

Three different shapes of sectional model were tested
(Fig. 2.2.1.1). Each  sectional model,. approximately 2.1
metres . long, had a length scale ratio of 1/60 to the
prototyée. The mq?els were built effectively rigid and each
of them contained different 'aerodynamically significant
details of the box girder deck without cables. The
aerodynamic forces acting on, ‘the cables and towers are
assumed to be negligible, Thus, they were not modelled
geometricélly, howeQer, their mass was taken into accouﬁt by
COnaidering the generalized mass of the whole bridge for the
giden natural freguencies (Fig. 2.2.1.2). The summary of the
scaling parameters for the sfudy and the dynamic propertieg
of the models are presented in Tables 2.2.1.1 and.'2.2.1.2

respectively. The detail deéscription of the models can be

found in Ref 14.

2.2.2 Experimental procedures

The model was spring-mounted in the NAE vertical wind
tunnel which has a modified squére cross section of 2.1m x
2.1m(Fig. 2.2.2.1). By adjusting the movable weights and the
~ spring spacing, the médel moﬁgnt of inertiaé and the
frequency ratio FA/FZ (torsional frequency, FA, divided by
‘bending. frequency, FZ ) could be altered into the desired

values. Two o% the supporting springs were attached to a



strain gauged elastic beam. The sum and difference readings
of'these two outputs can be calibrated to give vertical and
torsional model responses respectively. Aerodynamic damping
instead of amplitude response was measured in the experiment
because the relationship between aerqdynamic damping and
reduced velocity shows the oscillatory trend of the bridge

deck which may not be shown in amplitude response.

The signal received from the free vibratioﬁ of the model
in still air in either vertical or torsional mode was traced
by the chart recorder. From the tracings, the corresﬁonding
natural frequency and étructural damping of the vertical or
torsional mode were calculated. When the model was excited
manually at a certain wind speed, again in either vertical
or torsional mode, the damping calculated from the tracing
was the total dampingjf?.e. the summation of structural and
aerodymanic damping. The negative value of the total damping
indicates the aerodynamic instability. The trend of the
aerodynamic damping over a range of wind speed can foretei&

the possibility of vortex-induced excitation, flutter and

other forms of instability.

All tests were carried out in smooth flow only. The
detailed of the experimental results are discussed in
Ref 14.] Typical results of the .option II secticnal model

are presented in Figures 2.2.2.2 , 2.2.2.3 and 2.2.2.4.



2.2.3 Results of 1/60-scale sectional model test

!' o
The typical results of the option II sectional model are

presented in Figures ?.2.2.2 to 2.2.2.4. In this series,
the turbulence induced buffeting response was not
investigated: From the variation of response frequency and
aerodynamic damping with respect fo wind speed, the types of
excitation mechanisms and aerodynamic instability of the

structure were examined.

For the option II sectional model, a r@nge of wiqd speed
in théﬁ the agrodynamicwaampiﬁg decreases in both vertical
and torsional mode was found (Fig. 2.2.2.2). In the vertical
mode, the aerodynamic damping stayed positive and eventually
increased at a wind speed of about 8.5 m/s (full scalé). But

in the torsional mode, when the mean angle of .attack was

# 5 degrees, the negative aerodynamic damping was observed

for the wind speed range of 45 to 70 m/s (full scale). The
peak negative damping was found te be -0.4% of critical.
The expected structural dampiné of the prototype was in the
order of one percent. The bridge would be stable at-this
wind speed range and the bridge seems ‘to be free from

vortex-induced oscillations. ,

Beyond the speed range, in which vortex-excitation may
occur, the aercdynamic damping increases with the wind speed
(Fig 2.2.2.3). At extremely high ‘wind speed, catastrophic

aerodynamic instability was observed. In addition tc zero



angle of attack, the model was also tested with four
different angles relative to éhé flow; 1i.e., t 5 and
+ 7 degrees. However, according to the site investigation, -
fiows with such. large angles are unlikely to occur,:
Ne;erthelessf even considering such a large mean angle of
attack, the torsional instability was the only instability
mechanism observed with the option II  model within the
realistic range of uind speed. The critical wind speed or
the onset of torsional instability was found to be greater

than® 140 m/s for the angle of + 7 degrees.



Chapter III
EXPERIMENTAL INVESTIGATION AND RESULTS

3.1 TAUT STRIP MODEL

*

The concept of the taut strip model can be interpreted
as a semi-experimental, or half-theoretical aerocelastic
model. For this particular experiment, the vibration of the
centre span of the Annacis Island Bridge is assumed to be in
its first symmetrical mode shape only. The model is
constructed in a manner to achieve this assumption. However,
in reality, the vibration ¢f a long—span'bridge is composed
of more complicated mode shapes. Thereforé, the response to
turbulence of a taut strip model does not actually simulate
the response of the prototype direcgly. However the model
can be wused as an input to the statistical theory of
buffeting by turbulence [4] considering the test results
together with the actual mode shapes of the structure. From

this theory, the full-scale reSponSe is predicted;

The length scale ratio of 1:50C was used for the
construc£ion of the taut strip model of the Annacis Island
Bridge. This ratio was chosen to match the scale of
turbulence which the wind tunnel was able to produce. The

model contained all the aerodynamically significant

-



geometrical details of the bridge deck, whose mass

\Pistribution and mass moment of inertia were also correctly
scaled. The cross-section of the model ié shown in
Figure 3.1.1. Although the cables and towers are not
modelled geometrically, their mass is taken into account by
considering the generalized mass of the whole bridge. The
model is suspended on a pair of parallel, taut-piano wires
running at the level of the centre of rptation. The deck
thus vibrates in the séme way as the taut strings, primarily
in a fundamental half-sine wave mode shape. The model.
consists of six small modules so that. the deck section does
not contribute to the stiffness or elastic characteristics.
By adjusting the wire tension and wire spacing, the desired
frequencies in  vertical and torsional motion can be
obtained. The length of the model corresponds to the main
span of the bridge and runs the full width of the NAE wind
tunnel. In addition to the three-dimensional(3-D) model
test, a two-dimensional{2-D) model test was also carried out,
by taking a short length of the taut~strip’ modéi between
internal partitions in the wind tunnel section. Only between
these partitions was the model exposed to the wind. External
wires outside the partitions were covered by aerofoil shaped -
sleeves. The layout of the two different set-ups are shown

in Figure 3.1.2 and 3.1.3.



3.2 GENERAL DESCRIPTION OF TURBULENCE

". w
1t is rdifficult to give a perfect description of the
structure of the wind mathematically but it can be said that

wind is composed of turbulence as well as the mean flow.

The air flow 1inside the wind tunnel is geﬁerally
irregular in space and time. Because of this irreqularity,
it is difficult to describe the motion exactly in all
details as a simple function of space and time coordinates
and it becomes necessary to describe it by its statistical
properties. The values of various guantities, such as mean
velocity, Qelocity' fluctations and their spectra, can be
detected by the hot-film anemometer, and these three
quantities give the most important information relevant-to
étructural design. However ,it should be kept in mind that

the laboratory simulation of random air flow can only be

judged adequate by comparing it to the actual site

-

measurements.

Cften, kbe turbulénéé is modelled.in two categories. 1In
the case where the mean velocity has a gradient, turbulence
is nén-isotropié since the mean velocity gradient is
assbciated with the occcurence ¢of a shear stress. The

expression shear-flow turbulence" is often wused to
designate this class of flow condition. When the turbulence
has quantitatively the same structure in any direction of
the flow field, the turbulence is said to be homogeneous.

13
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There is no average shear stress, and conseguently, no

velocity gradient is assumed for this case. Fur

As the wind passes over the surface of the earth,’
because of the existance of the solid boundary and various
roughnesses on it, the atmospheric flow becomes a shear
flow: i.e., a boundary layer flow. In the present
experiment, the bridge model was tested under both the
homogeneous turbulence flow conditions and; the boundary
layerlflow conditions. The purpose of testing in these two
different types of turbulence is to investigate the
_sensitivity of bridge responses te the difference in

turbulence structure.

. The information about the flow condition at the site of
the proposed Annacis Island Bfidge is not known. The bridge
site is in the open terrain over the.Frazer River and the
deck height 1is approximately 50 m above water surface.
Considering these conditions the actual shear flow
turbulence may(be expected as a typical flow over open field
with a power law exponent of 0.1 to 0.2 and. turbulence
intensity of up to 10% of the local mean speed.. |

s
3.2.1 Wind tunnel and flow conditions

The experiments were performed in a low speed wind
tunnel with a test section 3 ft (91.4 cm) wide by 3 ft

(91.4 cm}) high and approximately 8 ft (243.8 cm) 1long. A
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very uniform basic flow with a turbulence intensity less
than 0.5 percent is produced to give a nearly smooth fiSQ
field, free of turbulence. Different square-mesh grids of
rectanglar-section bars were used to produce isotropic
homogeneocus turbulence fields. The coarse grid has M =
7-7/8 inches {20.0 cm), b = 2 inches (5.1 cm}; and the fine‘
grid has M = 4 inches {(10.2 cm), b= 1 iﬁch “(2.54 cm)
(Fig. 3.2.1.1), where M = mesh size and b = bar size. Three
types of spires and roughness set-ups were used to produce
;giious boundary layer flows. The height of the'Spires was
20 inches (50.8 cm) and the base width was 3 inches
(7.6 cm), The three types of set-up are as follows :
1. Bare tunnel and three spires only;
2. Three spires together with artificial roughness
consisting of two different sizes of blocks; 0.79 in.
x 0.79 in. x 0.79 in. (2 em. x 2 cm. x 2cm.) and 0.79
in. x 0.79 in. x 1.18 in. (2 em. x 2 cm. x 3 cm.);
3. Three spires with steel angles placed on the tunnel
| floor. The height of the angles was 1 inch (2.54 cm)

and the thickness was 1/8 inch (0.32 cm).

The arrangements of spires and surface roughness
elements are shown in Figure 3.2,1,2; and a sketch of

surface roughness elements is shown in Figure 3.2.1.3.
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3.2.2 Measurement of wind tunnel characteristics

: PR
The objective of this study was to observe the dynamic

‘response of the proposed Annacis 1Island Bridge under
different types of flow conditions. There were six kinds of
wind flow conditions generated in the low speed wind tunnel.
The flow measurements were carried out for two conditions:
with partitions and without partitions ( Fig. 3.1.2
and 3.1.3 }. The set-up of instruments is shown in
Figure 3.2.2.1. The results are listed in Appendix<E>. Foé
six various types of .flow, vertical profiles of mean
velocity and turbulence intensity 4n longitudinal & vertical
directions Were measured at the centre of the bridge deck
locatiop and the results are preseﬁted in Figures 3.2.2.2
and 3.2.2.3. The turbulence intensity is defined as the
ratio of root-mean-square (RMS) value of the velocity
fluctuation components to the longitudinal mean wind speed.
In addition to the above measurement, = the horizontal
profiles across the wind tunnel with three spires arranged
at the entranée of the tunnel were also measured. The flow
at two different locations was. examined : 45 inches
(114.3 _cm) and 90 inches (228.6 c¢m) from the spires. The

-

results are presented in Figure 3.2.2.3.

For the boundary, layer flow, the power law profile can
be made to fit the data of mean wind speed by adjusting the

values of two parameters %8 &a in the equation
- a (3.2.2.1)
v/vg = (Z/2g)

_32_



Vg = mean velocity at top of boundary layer;

Zg depth of boundary layer;

height fromlground surface:

~N
]

¢ = power law index.

The power spectrum describes how the kinetic energy of
turbulence 1is distributed with freguency aﬁd it can be
obtained by analysiné the signal received from the hot-film
anemometer with the Fourier analyser.: Froﬁ each spectrum,

the scale of turbulence can be calculated (Appendix <C>).

The results of flow measurement are summarized and
presented in Table 3.2.2.1.

&

3.3 GENERAL COMMENT ON THE GENERATED WIND TUNNEL FLOWS -
IN PARTICULAR BOUNDARY LAYER FLOWS

3.3.1 Mean speed profiles

1. Vertical profiles

The vertical profiles of mean wind speed have
essential meaning only in simulated boundary layer
flows generated as described in section 3.2.1 . By
applying the power law concept (Eg.3.2.2.1), the
pover law indei,a . and the depth of boundary layer,
Zg, can be estimated to fit the flow measurements.

The results are presented in Table 3.2.2.1.
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Four differént profiles were produced for the
present study. . The intention of ﬁaving four
different profiles is to examine 1he behaviour of the
bridge deck in different types of boundary layer
flows.. ~Even in the smooth flow, a very shallow
boundary layer flow was observed in the immediate
vicinity of the floor but the flow field in which the

bridge model is placed is almost free of turbulence.

2. Horizontal profiles

The horizontal profile of mean wind speéd was
measured for the boundary layer flow produced by
-three spirgs only. It is desirable to have the mean
wind speed at the bridge deck location constant
across the tunnel, The mean wind speed variation was
found to be 1less than 5% (ﬁig. 3.2.2.3). In
addition to the measurement at bridge deck location,
the measurement mid-way between the spires and the
bridge model was also carried out. The results are
shown 1in the same figure (Fig. 3.2.2.3). The

‘.horizontal distribution of mean wind speed was found

te be more uniform at the downstream site.

3.3.2 Turbulence intensity

i
The turbulence intensity in the vertical and horizontal

directions has been described in section 3.2.2 already. The

o
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vertical component of tufbulence is the major source of
energy input to cause buffeting response of the bgi%§e~-
models. Generally speaking, the turbulence intensity in
various types of 2-D flow conditions is close to the results
for  ;ﬁe 3-D case. The vertical profiles of turbulence
intensity of wu énd W components are presented
(Figs. 3.2.2.2, 3.2.2.3). The shape of the profile depends
upon the type of flows. -
\

3.3.3 Velocity spectrum

The high susceptibility of suspension bridges to gusts
is due to their great flexibility and to the fact that their
resonant frequencies fall in the range of broad energy input

apparent in the horizontal and vertical gust spectra.

The nature of terrain exerts a strong contrelling
influence both on magnitude of the extreme winds attainable
afd also on the intensity of turbulence. This 1is the
explanation why different roughnesses set-ups on the tunnel

floor are employed in this experiment,

The agreement of the wvelocity spectrum with the
von Karmdn type spectrum seems to be most satisfactory with

regard to the general shape of the spectrum (Appendix <C>).



3.4 RESPONSE MEASUREMENT

Generally-speaking, a bridge deck exhibits three types
of response : torsional rotation about the bridge axis,
vertical " bending displacement and horizontal displacement
alohg the wind direction. However, for a streamlined bridge
deck section, the horizontal displacement is less important
than the other two responses. Therefore, the horizontal

displacement is not considered here,

In order to observe the aerodynamic instability as well
as the vortex-induced excitation, the tension of the wires
was adjusted to produce two different -sets of frequency
values. It was done for both 3-D and 2-D models. The
natural frequency and structural damping are calculated from
the traces of free vibration (Appendix<aA>). The scaling
factors of the 2-D and 3-D models are lﬁsted in Table 3.4.1
while the mechanical properties are presented in

Table 3.4.2,

e

The set-up of instruments to measure the vertical and
angular displacements is shown 1in Figures 3.4.1 and 3.4.2
The procedures to find the calibration values , which are
required to convert the two measured voltages into the_
corresponding vertical and angular displacements, are
illustrated in Appendix<A>. The buffeting response data of
2-D and 3-D models are listed 1in Appendix<D>. They can be

summarized as shown in Figure 3.4.3 to 3.4.6.
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Chapter 1V

DISCUSSION OF THE RESULTS

{
4.1 OBSERVED BEHAVIOhR OF THE SHALLOW BOX BRIDGE DECK

In section 1.3, five different types of aerodynamic
excitation mechanisms were intrcduced. Because the Annacis
'

Island Bridge has an almost streamlined bridge deck, the

aerodynamic instability of classical flutter may be

expected. However, the bridge should be examined against
all potential instability mechanisms. With limited
development of analytical approaches, at the present time,

the most reliable way to predict the aercdynamic behaviour
of the bridge seems to be the wind tunnel test. Sectional
model and taut strip model wind tunnel tests have been
carried out at the NRC to inveétigate the aerodynamic
stability of the Annacis Island Bridge. The bridge was found
to be very stable in the low wind speed range, but becomes
aefodynémically unstable at extremely high wind speed a; the

sum of structural and aerodynamic damping becomes negative.



4.1.1 l/éOO-scale models

F "

In addition to the previously described 1/60-scale
sectional model tesé (section 2.2), three dimensional and
two dimensional models at 1/500-scale were tested. The
present thesis is based on this series of test. The three
dimensional model used in this expefiment is based on the
concept of the sp-called taut strip model. Tests were
carried out. in fuﬁi?&;mlflow as well as in wvarious types of
tu;bulent.flo;TS)‘

Because of the sméll velocity scale ratio, which can be
referred to Table 3.4.1, it was rather impractical to cover
the low wind speed range in .which the vortex-induced
excitation may be expected - to occur. For example,
considering a case where the flexural and torsiecnal
frequencies were tuned to 6.25 Hz and 17.5 Hz respectively,
the correspond}ng velocity scale ratios were 0.05 and 0.10
( Table 3.4.1). From the 1/6(0-scale sectional model tests,
it is indicated that tHe vortex-induced excitation may be
observed at the wind speed range <f 8.5 m/s to 10 m/s (full
scale) for vertical and torsional modes, which corresponds
to 0.4 m/s to 1.0 m/s in the 1:500 model test. This‘was
approximately 20 to 50 percent- of the lowest available wind
speed of the tunnel, In order to observe whether the
vortex-induced excitation existed or not, a higher fréquency

setting was adjusted as was described in Section 3.4, when

.



the frequency is higher, the velocity scale ratio is higher.

Nevertheless, vortex-induced excitation was not observed. .

The aerodynamic instability was observed in smooth flow
for both the 3-D and 2-D tests. The vertical and torsional
response spectra are plotted 1in Figure 4.1.1.1 through
Fourier Analysis. Thege spectra are almost identical and
show a peak response at the same freguency which is between
the two natural-freguencies of the model; 1i.e., there is a
distinct coupling between the vertical and torsional
excitations which is one of thé characteristics of the
classical flutter. However, the essential phase shift
between vibration modes of classical flutter ' was not

.

investigated.

Buffeting response was also observed and it 1s discussed
in the following section together with the effects of

various types of turbulence.

4.2 EFFECTS OF VARIQUS TYPES OF TURBULENCE (1/500-SCALE
MODELS )

One of the objectives of this research work was to test -

the taut strip model in various types of turbulent flows to
observe their effects on the bridge response. The principal
reason for considering the effects of turbulence is because
the natural wind is turbulent and its characteristics are

more or less known. Although the two dimensional section



model 1is not suitable for testing in inherently three
dimensional turbulent flow, by having a relatively légé
section of the model compared with the typical linear scale
of turbulence, the testing is considered to make some sense,
particularly in comparison with the 3-D taut strip model

test.

The response amplitude of the model is expected to be
affected bf' thé intensity of turbulence contained in the
flow and the length scale of turbulence (Appéndix <C>). The
effects of various types of turbulence were examined in 3-D

’

and 2-D cases individually.

§.2.1 3-D model test

The experimental results discussed in this section are
shown in Figure 3.4.3 and 3.4.4. As is mentioned in section
4.1.1, the vortex-induced oscillation was not expected in
this test and therefore it is impossible to discuss the role
of turbulence in this type of behavicur. In order to observe
the effect of turbulence on buffeting response, the
~ experimental results are rearranged and presented iﬁ Figures
4.2.1.1 and 4.2.1.2. It is cobserved that the bridge deck
behaviour in 3-D testing is not very sensitive to the scale
of turbulence. For example, the response amplitudes of the
model at "coarse grid" and "spires. and angles" flow

conditions are close each other. These two different kinds
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of flow conditions have different integral length scale of
turbulence but similar turbulence intensity magnitude. %ﬁe
integral scale of turbulence in T"spires & angles" flow is
1.5 times of "coarse grid" flow. f%e résponses'are, as they
are shown in Figs. 4.2.1.1 and 4.2.1.2, very close each
other. This seemsA Eo imply that the model response is

related to the total energy input contained in the flow;

i.e., the turbulence intensity but not much affected by the

 scale of turbulence, at least for this particular bridge

section. The results of the testing with the spires and the
surface roughness blocks were somewhat different. The
response of this particular set-up is found to be smaller in

spite of relatively higher turbulence intensity than the

‘other flow configqurations. The reason of this phenomenon is

not immediately clear. ' -

Within the maximum wind speed range that the NAE wind
tunnel can reach, the onset of aerodynamic inst&%ility was
not observed with high turbulence intensity. At reduced
velocity, V/(B x FA) = 9.2, there is a tendency towards
instability with the turbulence given by the fine grid.
However, the instability was ncot fully established within
the tested wind speed range. Thefe seems to be a non*
linearity of aerodynamic forces in this case, ‘which limits

-

the response amplitude at various speed levels,



There is a possibility that the aerodynamic instability
may not occur or, at least, the onset speed is pushed u; éo
unrealistically high levels, because of the turbulence.
Buffeﬁing response at lower -speeds, however, Hou%d probably
become excessively high and eventually would reach the

harmful amplitude levels for the structure.

4.2.2 2-D model test

The experimental results discussed here are shown in
Figures 3.4.5, 3.4.6, 4.2.2.1 and 4.2.2,2. In general, the
trend of the 2-D model responses to turbulence is similar to
that of the 3-D model; i.e., increasing turbulence intensity
increases the response amplitude. The complete comparison
. with the 3-D model test is in the/Bext'section.

4.3 COMPARISON OF 2-D AND 3-D TESTING RESULTS (1/500-SCALE
MODEL)

The figures relevant to the discussion of this section
are presented in Figure 4.3.1, 1t is difficuit to achieve
identical frequency and 'damping in the 2-D model as in the
3-D model because of the\.difference in the mechanical
scheme. Neverthe;e§s, comparison of the results between the
3-D and the 2-D model tests gives an insight to the validity
of the testing of the 2-D model 1in three-dimensional

turbulent flow. R
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For this comparison, it is necessary to consider the
.difference in frequencies and dampings between the two cases

and proper édjustment needs to be done.

The dynamic charateristics of two model schemes are

given as follows :

FA/FZ

. cn C¢
3-D - 2.8 2.84% 1.312
2-D 1.8 0.922 0.382

‘The results of the 2-D model tests are adjusted and the
adjustment is based on the results of parametric analysis.
This particular analytical approach employs the combination
of linear equations in vertical - bendiné and torsion
(EQ. B.2.1). The aerodynamic forces (Eg. B.3.1) écting on a
vibrating moébl consist of unsteady self-excited forces and
the random buffeting‘forces, The spectral analysis of random
vibration theory 1is applied and the illustration of it is

shown in Appendix<B>.

From a parametric analysis (see - Appendix<B>,
Fig. B.5.5), thé effect of damping on buffeting response can
be estimated. The buffeting response, both ip bending and
torsion, decreases when structural damping is increased. The
'ﬁaramgtric analysis suggests as follows :

1. Bending response
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In the reduced wind speed range of V/(B & FZ) =5
te 10, the reduction oé response amplitude !;s
approximately ; 10% when _structural damping is
increased from13% to 3%.

2. fPorsional response :

In the reduced wind speed range of V/(B X FA) =1
to 6, the reduction of response amplitude is
approximately 143 when structural damping is

increased from-(6.5% to 1.5%.

The effect of frequency ratio is expected to be very
small as the correlation between vertical and torsional
response is negligibly small in buffeting response. This
effect will be of course more pronounced as soon as

instability, coupled flutter for this case, starts.

According to the parametric analysis, the adiustment of
the 2-D response 1is shown in the shaded region of the
comparison figures. The agreement of response amplitudes
between the 3-D and the 2-D model tests is quite
satisfactory in homogenous turbulence and smooth flow
conditions. For the other three types of boundary layer
flows, the situation becomes more complicated. The 2-D
response is found to be smaller than: the 3-D response in
"spires and angles™ flow condition, However, the above
observation is reversed for the other two boundary layer

flows.
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The structure of turbulence seems to have effect on the
agreement between the 2-D and 3-D response.’ The-differehéb
of the 3-D response and 2~D response may be caused by the
different sensitivity of these two models to the structure
of turbulencé. For example, the turbulence intensities’
generated by the "coarse grid" and the "spires and Qngles“
are close t? each other. However, the response in the
"coarse grid" flow shows good agreement between 2-D and 3-D

model tests but the agreement is less satisfactory in

"spires and angles” flow.

From above discussion, it seems that three-dimensicnal
bridge model testing 1is required if the 3-D buffeting

response of the bridge in boundary layer flow is regquired.

4.4 COMPARISON OF 1/500-SCALE TEST RESULTS TO 1/60-SCALE
TEST -RESULTS

Since the 1/60-scale was only tested in the smooth flow
condition, a comparison of buffeting response 1is not
possible. However, it is interesting to know the effect of

model scale ratio on the onset wind speed for instability.

The 1/60-scale sectional model  was tested with a
frequency ratié of 1.25, which 1is different from the
frequency ratiocs wused in the 1/500-scale model test.
Reference 11 suggests that the critical wind speed fpr the
onset of coupled flﬁtter is related to the frequency ratio

as follows :
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(V/(B X FA) __ <« VI - (FZ/FA)? (4.4.1)

From Figure 2.2:2.3, the instability wind speed,
{(V/{B X FA)).r . of the option Il sectional model is > 5.7
assuming extremely small structural damping. From this
number, by making.use of the above relationship(4.4.1) the
critical wind speed can be suggested for the frequency ratio
as follows

1. FA/FI =

]
(V]

.8 : (V/(B X FA)) .. —8.9

2. FA/FZ 8 : (V(BXF)) _=7.9

In
=

The experimental results of 1/500—scalé models

(Figure 4.3.1)

4
1. 1/500-scale 3~D model, FA/FZ 2.8,_¢=1.3%

(v/(B X r;t.))cr -9

2.. 1/500-scale 2-D model, FA/F1

n
[
o
-©-

n
(=]
|-h
[

(v/(B X FA))cr = B.6

In spite of the existence of structural damping in
1/500-scale models, the 1instability wind speed of the
1/500-scale 3-D model agrees with the instability wind speed
of the 1/60-scale 2-D model. But for the 1/500-scale 2-D
model, the instability 'wind speed is higher than the

instability wind speed of the 1/60-scale 2-D model,



Chapter V

CONCLUDING REMARKS

Turbulénce appears to have effects on the behaviour of
the bridge deck system of the Proposed Annacis 1Island
Bridge. The fcllowing results can be extracted from the
present series of experiments |

1. Turbulence raises the <c¢ritical wind .speed for the
aerodynamic instability of the bridge deck. The
delay of onset Epeed of the instability with the
turbulence given.sy the fine grid is an example.

2. Turbulence produces significant random movements of
the bridge deck both in wvertical and torsional mode.

N The amplitude of the vibration increases
proportionally-to turbulence intensity.

3. The-response of the proposed Annacis Island Bridge
section seems to be insensitive to the variation of
the 1integral length scale of turbulence. The
comparison o©f response between "coarse grid" and

"spires and angles” flow conditions is an example.



B

The comparison between taﬁt'strip model test results
with sectional model test results showed the following
features :

1. The-critical reduced velocity, (V/{B X FA}}cr , of
1/60-scale model test was confirmed. =

2. The. buffeting response of the 1/500-scale model both

in 2-D and in 3-D showed satisfactory agreement.

As far as the buffeting response is concerned, the taut
strip model test may be a géod alternative testing method in
terms of ease in handliné, cost and model making compared
with a full model test having the advantage of three-
dimensionality thét is missing with the traditional section

model test.

The above results were from the testing of a particular
bridge section, Annacis Island Bridge. The results are just
as would be expected for a flat plate structure. This is not
very surprising considering how shallow. the box girder of
the bridge 1is. Conseguently, the results can be easily
extended to any bridge with an "extremely"™ shallow box

girder, which 1is expected to become a trend for the long

span cable-stayed bridges.

' One more final remark should be added about 'model
testing. The model test results can only be Jjustified by
full scale measurements. The comparison of full scale

measurements to taut strip model results has ©been done for



some limited cases [6,13] before. As it is mentioned in

!'..'_-

section 2.3, -the aeroelastic behaviour of the . taut strip
model agfeed reasonably well with the full scale observation
for thgse cases. In addition to the investigation of the
wind induced response cf shallow box bridge decks, there may
be an - opportunity to compare the taut strip model results
with the full scale measurements of the Annacis 1Island
bridge if it is completed in its concrete version. This
comparison may provide valuable information for future

research.
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TABLE 2.2.1.1

Summary of the Scaling Factors of 1/60-scale model (After:

(14])

Parameters Séaling Factors used in Modellin§
Length A = 1/60 .
r3ss per unit length AM = AL? = 2.78 x 107"
Mass ﬁéﬁaﬁg’;;\inertia per Al oz apn2= 7072 x 107
unit length i
Damping Ae = 1
Time Xf = 1/17.5 (vertical mode)
= 1/2.9 (torsional made)
Frequency Ap = 17.5 (vertical mode)
= 2.9 (torsicnal wode)
Velocity AV = AL/AT 2 1/3.43 (vertical)
= 1/21 (tarsional)
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TABLE 2.2.1.2

Mechanical Properties of the 1/60-scale Model (After [14}), ~

Generalized :
Propert1es Prototype 1/60 lodel
!
Hass Initial 35.8x10* kg/m HModel 8.8 kg/m
"Option I 36.2x10% kg/m -
-Option I1 37.9x10° kg/m Attached
weight 1.5 kg/m
‘Towers 3.0x10" kg/m Spring £quivalent
Cables at 5.5x10° kg/m system 1.0 kg/m prototype
mid-span values
Total 11.3 kg/m  40.6x10% kg/m
Polar mass
moment of 2.23x10° kg.m?/m 0.156 kg.m*/m 2.02x10G*
inertia kg m*/m
Nadiue of 7.88 m 0.133 m 7.98 @
gyration '
Width Initial 28.6m 0.477 m 28.6

Option 1 ;

Option 11 32.0m 0.533 m ;2.0
freguencies (1) (ii) (1) (ai)
Vertical, fy 0.243 Hz 4.3 Hz 2.7 Hz 0.24 Hz 0.15 4z
Tarsional, fg 1.18 Hz >13 Hz 3.4 Hz >4.5 Hz 1.2 Hz
Frequency )

Sat:o, f]'/f'\i 4.83 . . . >3 1.25 >3 1.25

Structural Vertical ¢y = 0.8% 0.3 - 0.5% 0.3 - 0.5%

Damping torsional ¢y = 0.8% 0.3 - 0.5% 0.3 - 0.5%
(projected)
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L—-WALL OF WIND 'TUNNEL—-T

Figure 2.2.2.1: Section Model Suspension System (After [14])
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Pigqure 2.2.2.3:

Aerodynamic Instability (After [14])

_6'2_.

3
. (a) MOTION FREQUENCY
3 TORSION FREQUENCY - .
24
2 1.0¢ ;
<‘_" Oy -
v \ ,
55 BENDING FREQUENCY
520.5F
.LIJO’
Q:LIJ
u.& \
z Jd.
g V/Bf;
0 1 ! 1 L 1 -
= ¢ 2 5 6 7
REDUCED SPEED
\ F -
(b) AERODYNAMIC
2.0 DAMPWG-TOR&ON
<
'_o
210~
&)
=
a
=
<
a -
o .
= 2
< REDUCED
D=
[an]
Q
[0
ook '
-2'0_
Jl



S Lt
3 5 Y

(I

he

-
P
—
-t
e
e
-l
—
—

-

%M i+’
T SRR ¥

@ 2B - -
9

hY

>

«
X

\
1
e

N

s b

63

Mean Aerodynamic Forces (After [14])}

& { i
Te : .
ge-
2 AR v I
- /ﬁ.‘l-_ku_.
c m/me
- A o
. 5...(@/@.. vy .. . |
R - e G -~
R I - I _ r~
R N T - o
. Bl
. PP I .+ .

'H_%I

13

Figlre 2.2.2.3



BALSA WOOD (1.GX1.6) 1

PIANO WIRE (DIA. v 2.S4X10°23)

ACRYLIC

| | | i3 | | .
l_.L \
' 3.0
3.41 28-3 | 28.5 3.4
UNITeMM

Figure 3.1.1: cross-section of 1/500~scale model
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TABLE 3.4.1

summary of scaling factors of 1/500-scale models

Scaling factors used in modelling
Parameters : ’ 3-D Z-D
' 1 - 2 1 2
Length scale, }“L /11500 1/500 1/500 1/500
Mass pe; unit length 5110-6 4::10-6 Axlo-s l;xlo-e
’ o ‘ .

Mass moment of B :
inertia per unit 1.6x10 1 l.ﬁxlﬂ-ll 1.6:10-11 1.6x10 11
length, AJ S 4 -
Structural damping -1 1] 1 "1
Time, )\,r
vertical mode ~ 0.04 0.028 0.025 0.02
torsional mode 0.02 0.018 0.022 0.018
Freguency, kf '

“vertical mode - 25.7 36.2 Sy 40.3 49,4
torsional mode . 43.4 54.1 ‘ 44.4 54.6
Velocity, A,
vertical mode : 0.05 Q.07 0.08 0.1
torsional mode 0.1 0.11 0.09 0.11

~
2 . - 2 - "
Am - AL H .13 )‘m XL

Af' - model frequency
prototype frequency

Ay = 1n.f-_ ; A, -x,_/;l;

; prototype frequency: FZ=0.343, FA=0.403
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TABLE 3.4.2
Mec‘:ha..nical Properties of 1/500-scale Models PR
) N ’ ‘ -
' 1/500-scale: taut st __liiﬂ!bacﬁla_sm.tmﬂ_nnd.a]____
Propercies 1 2 S 2 '
_ 1 2
Mass 0.15 kg/m 0.15 kg/m 0.15 kg/m 0.15 kg/m
Tass moment of 1 35.6x10 kgu’/m| 35.6x10"%kgm?/m | 35.6x10Ckgul/m | 35.6x10 Fkgul/n
Width of bridge 0.064 m 0.064 m 0.0646 m - 0.0646 m
deck : L .
Depth of girder |3°0.4x10° m | 3-1.4x10™> m 3°1.4x10 2 m | 371.4x10° m
Freguenciés
vertical,Fz 6.25 Hz 8.8 Hz 9.8 Hz 12 Bz
-} - .
‘torstonal,FA 17.5 Hz 21.8. Hz 17.9 Hz 22 Hz
Damping . '

- vertical,i 2.84 £ 0.78 % 0.92 2 . 0.54 X
torsional.Z, 1.31 % 0.50 % 0.38 % 0.26 X
Frequency
ratio, FA/FZ 2.8 2.5 1.8 1.79

N
) r/’ - 81 - - ’
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TAUT-STRIP MODEL OF ANNACIS I1SLAND BRIDGE (3-D TESTING)

Figure 3.4.5:

.80 %.40  1B.00
REDUCED VELOCITY Vv/{(B X F2)

(3-D) : FA = 17.5 Hz , FZ = 6.25 Hz

{a) Flexural response
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TAUT-STRIP MODEL OF ANNACIS ISLAND BRIDGE (3-D TESTING)

NSE AT MID-SPAN
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Figure 3.&.5: Buffeting Response against Reduced Velocity
(3 D) : Fa = 17.5 Hz , FZ =_6.25 Hz
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" TAUT-STRIP MODEL OF ANNACIS ISLAND BRIDGE (3-D TéST!HG)

Figure 3.4.6:

(3-D) :

(a) Flexural response
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TAUT-STRIP MODEL OF ANNACIS 1SLAND BRIDGE (3-D TESTING)
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SECTIONAL MODEL OF ANNACIS ISLAND BRIDGE (2-D TESTING)
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Figure 3.4.7:

(2-D) FA = 17.9 Hz
(a) Flexural response.
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SECTIONAL _MODEL OF ANNACIS ISLAND BRIDGE

(2-D TESTING)
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Figure 3.4.7: Buffeting Response against Reduced Velocity

(2-D) : FA = 17.9 Hz , FZ = 9.8 Hz

(b) Torsional response
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" SECTIONAL MODEL OF ANNACIS 1SLAND BRIDGE (2-D,fESTiNB)

Figure 3.4.8:

REDUCED VELOCITY (V/B/FZ)

(2-D} : FA = 22.0 Hz ,
(a) Flexural response
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SECTIONAL: MODEL OF ANNAC1S 1SLAND BRIDGE (2-D TESTING)
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- TAUT-STRIP_MODEL OF ANNACIS ISLAND BRIDGE (3-D TESTING)
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TAUT-STR&P HODEL OF ANNAC1S 1SLAND BRIDGE (3-D TESTING)
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- TAUT-STRIP -MODEL OF ANNACIS I1SLAND BRIDGE (3-D TESTING)
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. SECTIONAL MODEL OF ANNAC1S ISLAND BRIDGE (2-D TESTING)
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SECTIONAL MODEL OF ANNACIS ISLAND BRIDGE (2-D TESTING)
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SECTIONAL MODEL OF ANNACIS ISLAND BRIDGE (2-D TESTING)
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Appendix A
CALIBRATIOCN
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A.1 ~ FREE VIBRATION

AN

- * The model was manually excited in, either vertical or
torsional mode. The corresponding signal trace was recorded
by the chart ;ecorder. From this trace, the natural
frequency and structural dampiné can be calcuigted.

Example : |

Torsional (i.e. signal(A;B)/z )

¢ — L

Velseity of chirt moving = 100.0 mm/sec.
This is a particular tracing of 3-D model in

-
7

torgional mode.

L=16 x5 mm
N = number of cycles = 14

14 x 100 -
FA 80 . 17:5 Hz

AN = (.19 cm.

' 1 0.6 -
§ 1% 1°Se0.l-9 0.082
1;¢ = 100 x 2 = 1,31%

The results of the other schemes are showm

in Table Al
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Y

A2 CALIBRATION FOR MODEL RESPONSES

LA

The model deflection was -detgcted usind  Kaman
displacement transducers at the end ' of thé bridge model -
immediately outside the wind tunnel. The deflections of both
taut wires uefe measured, and hence, the sum and difference
of these two signals would give the vertical and torsional

responses, respectively.

A.2.1 Vertical response

. i . ’
Calibration to convert these data o the model

deflection was done as follows :
*

A micrometer head was placed at the centre of the mid-
span point of the bfidge model. A known .magnitude. of
displacement was given and the corresponding voltaqe
displayed on the voltmetef was recorded. The same process
was repeated for a several steps. From the plotting of
displacement‘against outpput voltage, the calibration factor
was decided. The results are listed in Table A2 and a

general sketch to illustrate the above discription is shown

A l ’ ‘:r,ansducnr 1
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A.2.2 Torsional response

[

In order to assure the pure torsional displacemenﬁ;' on
the edge of the girde; was pushed by the micrometer hedd and
.the middle point of the bridge deck was supported‘ by a pin
point to fix the centre of rotion. The resuits are listed in
Table A2 and a general sketch to illustrate the above

discription is shown as follow :

—9 I

-A

D
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TABLE Al

I CALIBRATION VALUES
MODEL FA/SZ BENDING mxz/mv | TORSION degree/my
2.8 0.1 0.0018
3-D
»
2.5 0.1 0. 0018
1.8 0.08 . 0.0036
2-D
1.79 0.1 | - 0. 0036
TABLE A2
MODEL rz(uz)| Fa(Ez)]  “n‘® £y (2
1 |6.25 [17.5 2.8 | 1.31
3-D '
2 | 8.8 21.8 0.78 0.5
1|9.8 17.9 0.92 0.38
2-D
2 [12.0 | 22.0 0.54 0.26
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Appendix B
PARAMETRIC ANALYSIS
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e

Although the mathematical formulation to calculate the
aerodynamic response of bridge deck is complicatga[
simplified attempts have been made. The following

mathematical formulation largely depends on Ref.[12].
i
t

B.1 IﬁTRODUCTION TO AERODYNAMIC RESPONSES OF PLATE-LIKE
STRUCTURES :

The random oscillation of a flat-plate in the wind is a
superposition of . both the torsional and bending vibrations
in their own modes, which can be analysed in each mode
separately. However, the aerodynamic instability is a
coupled motion in these two modes. Basically, the buffeting
response is decided by the aerodynamic forces, aerodynamic
admittance function, frequency response _function of the
system, jdint acceptance function and power spéctral density

of. gust. The aerodynamic instability, ~_ on the other hand,

will be decided from the frequency response function and the

aerodynamicg forces.

In simplified the analytical approash, - employs the
combination of equatidﬁé in veftic;l bending and torsion
together with quasi-steady or‘ unsteady aerodynémic forces
can be employed to calcﬁlate the response c¢f long span
bridges. In doing so, wusually, the nonlinear aerodynamic
terms are ignored. The experimental results from a
paper[10] have indicated that the approach using quasi-

steady aerodynamic force¥ gives rather conservative estimate
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of amplitude for bending and even more conservative far

torsion. The same paper [B8] also suggests that if #he '

difference between bendiﬁg and torsional frequencies is
significant, the’ neligenée of .,cougling_-terms can be
justiféed. In the other extreme, when the loy &requency
ratio(FA/FZ) is given, the aerodynamic coupling force is
considered to be the most important factors. Considering
both the vertical and torsional‘ vibration of an aerofoil,
Theodorsen proposed a theory [7] to describe the Gnsteady
self-excitation forces in steady air flow. His' philosophy

was to assume a streamline body, with high aspect ratiof(i.e.

the ratio of the span length to the chord length is

infinity), submerged in a steady air flow and vibrated with
small amplitude. The application of this .theory to
calculate the aerodyﬁamic résponses can be briefly

illustrated in the following sections{12].

B.2 FORMULATION OF THE EQUATIONS OF COUPLED MOTION

R

Consider the section of a streamlined bridge deck with
two degrees of freedom 2 & ¢ as shown in figure below. The
elastic axis and gravity centre were assumed at the centre-

chord of the bridge deck. The lateral swaf was ignored in

the formulation since the lateral motion can be assumed to

be negiligibly small,
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-
N L& !:Q‘.‘
AN |
Assuming that the modes of vibration in bending and
torsion have an orthogonal relationship between each other ,
and that each oscillation can be expressed by a linear
B g
equation, the eguations of motion in can be written in a
simplified form as follows :
-‘ 2 --..
n(z+2:2922+u12) L

(8.2.1)

- 2 -
6 (& + 2;¢u¢6 + %o ) M

Note : all symbols can be referred to nomenclatures.

B.3 AERODYNAMICLFORCBS ACTING ON PLATE

The aerodynamic forces acting on a vibrating model in
two modes consist of unsteady self-excitation terms and the
random buffeting force. In order to study the aerodynamic
problems of the structures in strong wind, it 1is usually
required either to perform aercelastic tests to measure the
induced response, -or to conduct aerodynamic tests to
investigate the agrodynamic for;es.- However, "for a model.
with a plate-like shape, the aerodynamic characteristics
have already been pointed out in many past investigators.
Their results can be used to describe the aerodynamic forces
‘qcting ~on a particular plate-like structure such as the

proposed Annacis Island Bridge - concrete version.
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el
R

1be aprrorirate cxpressiors .".c'r_ the unsteady aerciynasic
111t and rFitching sorent, acting co 2 plate uhich‘iibrates

ip ccupled wmodes of circular trequency W ip 2 wind stredn’

are = <

L = -mpblu? {.g:;--o- L»o‘} + L _(t) :
B¢ : (3.3.1
.3.1)

. abby2 Z
-3 pbtus { Mz 5 + H$¢ ) Hf(t)

T,

vhere Dgz, L¢, M., M§,‘are the aercdynamic coefficients,

vhich are in térls of Theodcrsen's fu@ction.IC(k),
tc describe the self-excited fcrces.

' L¢, M, are the randor 1ift force azd pitching
scrent vbichk are tise dependent. ‘
Ix:[andlxéla:e the aercdynanic adrittance functioa
vhich reflect the aercdynasic effectiveness of the
Pridge structure in tracslating velocity
fluctuations into vertical and pltching

fcrcese.

They are expressed as followss :

' Lf(-t:) - 9-‘;2— B g%%)-\x‘;l ;
<> (B.372) -
M (2) = 9—3—'2-‘- Bz-:—%“%t—.)l'[x:]‘
1, - - Hew Ly = - L - & " cw 1
‘(3.3.35
M. = foCR) N Lo -l 1 - C;k) ]
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iz which kx = %? s reduced frequency i 1 = J-1 :

C(k) = F(K) +1G{(k) lé6];
p® air density; V = :éaﬁ vind speed at

deck bheight § B = vidth of the scdel deck;

b apy2 3 mL Ty . 2t s
29 39 Lo

v(t) = vertical instantapeous velccity. -

¢ Ey using the folloving dimensionless terrs

no=oz/b B = FA/FZ

m -
o Tpb? £ = F/FZ
v _-I‘lab'

Fq. (B.2.1) <cap be revritten as follovs :

_ o . L .
n + 2szzn + mzn ey
(B.3.4)
. . oM
+ 2 é + wie = =
P E AT T 8

-

B.& SQLUIION OF IGE EQUAIIONS QF COURLED FQIIQF

Assuring that the vertical deflectico, Z , ard the
apgular rctaticn, 4 « are harsmcnic cscillations vith the
cocmcn freauency, aod they car te expressed 1n the fcllcving

ccerlexr fere =

= iwme
Z=Ze and ¢ = & olvt (8.4.1)
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1Y Eh‘?’ N
Froe previcus eq. (B-3.4) ,  the salntion 1s given .as

gollcrs :

1-€2+42¢ £)-£2L 2L al [

u(l- CZE) 2 s ' (5.5.2)
re 2_r2 2
£°M, v(Bc-£ +1.2r;¢st-:)_-5 H¢ . tg(e)

s

Ege (B.4.2) 1= vritten in a sixplier fcrr :

NN
A; Al.. ¢ M o

or
1 .
n = (AL - AM) =X L-X M
a zz z$ (3-4-‘:)
1 .
¢ = ~AM - A3L) = X -
A Al .3 ) so™ X¢ZL
vhere
A Ap :
t .‘- A N ' (B.llos)
Ay Ay
'8
and X, - X, . X, and X, are the zercdynasic freguency

respcnse fuoncticn.
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Assusicg the crqss-spectrui dc npot bhave slgnl;icans
effect in the reeponse spectra, . ‘
R N EMESIEN 2
L (B.4.6)
Sy = sl +‘sulx¢¢[2 gl
ic viich,

Sp * S (0 x . %[3]2
f

(B.4.7)
Sy = S (BIxJI%[1.]?
PP LR .Cle (848
Hegl® = Tt "0 y?
yecEr (B.4.9)
- v . ‘ ’,-//

Fanofsky's erpirical expression fer vertical velocity-

LY
.epectres is used :
£S (£) .
w X »
g2 T (1 + 4x )° K = é-hs (B.4.10)
v o . i :\.\/
Y N . ) ’ i *

Fy 1iptegrating the spectra of 1 and ¢« EMS cf/ the

respective displacerent can be fcund :

2 af
. o2 [:Sn(f)df
o . : o (B.4.11)

- . )
c¢ j:5¢(f) £
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B.5 THE SUMMARY OF PARAMETRIC STUDY

Lo, .
Fh T

The main paramefers which affect on the buffeting
resporises are the bridge deck height, the space correlation
fadtor\of aerodynamic forces, the‘turbulence intensity, the
struéiural damping, the frequency ratio and the mass
parameters. The range of parameters' variation chosen. in
this study is based on the characteristics of the prototype
structure. The corresponding plottings can be referred to
the figures at the end.of this section. _The main results
from our present parametric study can be summarized as

“follows :

1. Effect of deck height

The deck height affects on the results through
velocity spectrum. From Fig., B.5.1, for each redu&ed
velocity, V/(B X FZ), the responses both in bending
and torsion are increased gradually with increase of
deck height. The effect becomes more pronounced when
the wind.gpeed approaches the instability wind speed
of the model.

" 2. Effect of turbulence intensity

For each particular reduced velocity, V/(B X FZ},
the buffeting response is simply proportional to the
turbulence intensity (Fig. B.5.2).

3. Effect of correlation factor
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The dimensionaless factor,'c , of Eg.(B.4.9) is

- PR

used as a parameter. It affects through the joint
acceptance function on the response. The higher the
correiation factor, ¢ , 1is , which means the poorer
the space correlation of velocity fluctuation along
the bridge deck %s, . the lower the response would

become (Fig. B.5.3).

Effect of structural damping

The higher the structural damping is, the lower
the response is, 1in general. Also, the increase of
the structural damping would delay the aerodynamic

¥

instability. The results are summarized”in Fig. B.5.4

and B.5.5.

Effect of freguency ratio

When the ratio of torsional frequency to bending
frequency increases , the «critical wind speed for
instability phenomena becomes highert The change in
frequency ratio does not have much effect on
buffetingiresponse‘in bending, but some effects were

observed in torsional-response (Fig. B.5.6).

‘Effect of mass parameter

|
,The, change of the mass parameter has the similar
N . : '
effect of changing the structural damping. The heavy
bridge deck results less ampijtude in buffeting and

higher' critical speed for instability. The ratio of
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2

mass moment of . inertia to the mass is kept constant
throughout this analysis considering the fact ghéﬁl
the bridge deck has very similar structural and

aerodynamic characteristics of . a flat plate.

(Fig. B.5.7).

i/
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Appendix C
INTEGRAL LENGTH SCALE OF TURBULENCE, L

—12.9_



Definition :

L2 T

The integral length scale  of turbulence, ﬂ,_ ﬁay be
considered as the average size of the-eddies'présent in the
turbuleﬁce. A method of describing the length scale is based
on‘ﬁhé variation qf the correlation ;ogfficient Rx bépweeﬁ
the values of the component u at two points, séparated by
the distance X in the direction of the X coordinate as X is
varied;.The curve of Rx against X represents the statistical
distribution of u along the X-axis - at any instant. If Rx
falls to zero and remains zero, a length L may be defined by
the relation :

L= 1] Ru(x) dx

-

where Ru(x) is the correlation coefficient

l.lu(x) = Ru(x) / ai

Ru(x) = u(0,r) * u(x,t)

’ ai = Ru(0) = u(0,t) X u(0,t)
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von Kirmian defined a normalized spectrum in the u-
. P

direbtifn as below :

- , fLu
£ Su(f) _ 4( v )
ai £L, 21 /8
: [1+;7o.7( 721 %
where Lu = iﬁtegral length scale of turbulence
fL
= 2 = reduced freguency

S (f) = péuer spectral density of the wind at
4
frequency -f

" = mean-square of the velocity fluctuation

The peak of this spectrum is found at the reduced

frequency :

(=) __.. = 0.146

Hence the integral length scale of turbulence can be

expressed as :

v
L, ~ 0.146( 7 )peak

Asumming the von Karman expression is also applicable to
the normalized velocity spectrum in the w-direction, the
results obtain from the measured spectra are presented in

Table C-1.
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The agreement between the measured velocity spectrum and
PR

the von Rarman spectrum, in u and w .directions, is quite

satisfactory. Some typical examples are shown from Figures

C-1 to C-5.
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- Appendix D

RESPONSE OF 1/S500-SCALE TAUT STRIP MODEL AND

SECTIONAL MODEL

Z = HEIGHT FROM TUNNEL FLOOR
vZ = VELOCITY AT ELEVATION, 2

VG = GRADIENT VELOCITY

]
1]

DISTANCE FROM TUNNEL WALL

VX = VELOCITY AT A DISTANCE,
X, FROM WALL.
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TABLE D-1
RESPONSE AT FLOW CONDITION : SMOOTH (BARE TUNNEL)

1/500-SCALE TAUT STRIP MODEL TEST

FLEXURAL FREQUENCY = 6.25 TORSIONAL FREQUENCY =17.50 -
“LEXURAL DAMPING = 2.84 TORSIONAL DAMPING =1.31
TURBULENCE INTENSITY , IW < 0.25%

v7{B X FZ) REDUCED FLEXURAL V/{B X FA} REDUCED TORSIONAL

RESPONSE  RESPONSE
6.9 0.0005 2.5 0.0002
9.7 0.0008 3.5 0.0003
13.7 0.0012 4.9 0.0006
14.7 0.0013 5.3 0.0007
16.0 0.0014 5.7 0.0007
16.8 0.0015 6.0 0.0009

118.2 0.0016 6.5 .0.0010
19.4 0.0017 6.9 ' 0.0011
21.1 0.0019 7.5 0.0014
21.7 0.0022 - 7.8 0.0017
22.8 ©0.0022 8.1 - 0.0018
23.2 0.0034 8.3 0.0031
23.8 0.0055 8.5 0.0048
26.2° .  0.0071 . B.6 g 0.0060

24.6 0.0085 8.8 0.0073
24.8 0.0092 8.9 0.0079

25.0 0.0095 8.9 | 0.0083

28,2 0.0106 9.0 0.0106
25.2 0.0125 9.0 0.0126
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TABLE D-2 . N P

RESPONSE AT FLOW CONDITION : HOMOGENOUS TURBULENCE (COARSE
T . GRID)

I

'1/500-SCALE TAUT STRIP MODEL TEST

FLEXURAL FREQUENCY 6.25 TORSIONAL- FREQUENCY =17.50

FLEXURAL DAMPING

2.84 TORSIONAL DAMPING =1.31

TURBULENCE INTENSITY , IW : 13.3%

-~

V/{B X FZ) REDUCED FLEXURAL V/(B X FA) REDUCED TORSIONAL

RESPONSE RESPONSE

3.2 0.0032 1.1 0.0011
4.5 " 0.0062 1.6 - 0.0024
6.1 0.0100 - 2.2 0.0049
7.6 0.0145 2.7 0.0078
8.7 0.018% 3.1 % 0.0106
10.0 0.0246 3.6 0.0147
1.2 © 0.0291 4.0 0.0181
12.3 0.0335 4.4 0.0211
13.1 . 0.0365 4.7 050251
14.4 0.0429 5.1 0.0287
16.6 0.0538 5.9 0.0405.
17.7 0.0595 6.3 0.0470"
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TABLE D-3 P
RESPONSE AT FLOW CONDITION : HOMOGENOUS TURBULENCE (FINE
. GRID) .
1/500-SCALE TAUT STRIP MODEL TEST

FﬂéXURAL FREQUENCY 6.25 'TORéIONAL FREQUENCY =17.50

-y
FLEXURAL DAMPING = 2.84 TORSIONAL DAMPING =1.31

TURBULENCE INTENSITY , IW : 6.4%

V/{B X FZ) REDUCED FLEXZURAL V/(B X FA] REDUCED TORSIONAL

RESPONSE RESPONSE
3.1  0.0015 1.1 0.0006
4.3 0.0026 1.6 . 0.0012
6.1 0.0050 2.2 0.0023
8.7 0.0086 3.1 0.0050

10.2 0.0109 3.6 0.0065
123 0.0144 4.4 0.0093
13.7 0.0168 4.9 0.0117
14.9 0.0190 5.3 0.0144
16.6 0.0210 5.9 0.0170
18.4 0.0241 6.6 0.0187
20.2 0.0267 ’ 7.2 0.0237
21.7 0.0302 7.8 0.0291
23.8 0.0344 8.5 0.0425
25.7 0.0518 5.2  0.0702
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. TABLE D-4 e
RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW ( SPIRES )

1/500-stALE TAUT STRIP MODEL TEST

FLEXURAL FREQUENCY 6.25 TORSIONAL FREQUENCY =17.50

FLEXURAL DAMPING

2.84 TORSIONAL DAMPING =1.31

TURBULENCE INTENSITY ., IW : 10.5% -

i_ Vv/{B X FZ) REDUCED FLEXURAL V/(B K FA} REDUCED TORSIONAL

RESPONSE RESPONSE
5

4.8 0.0039 1.7 . 0.0014
6.8 0.0071 2.4 0:0032 -
8.3 0.0104 3.0 0.0054
9.6 0.0143 3.4 0.0080 ]
10.7 0.0172 3.8 0.0100
12.0 0.0213 4.3 0.0121
13.1 " 0.0238 4.7 0.0166.
14.2 0.0274 5.1 0.0189
15.2 0.0299 5.4 0.0213
16.1 0.0324 5.7 0.0243°
17.0 . 0.0368 6.1 0.0291
18.6 0.0402 6.6 0.0351

20.8 0.0484 7.4 0.0441
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ORI

TABLE D-5

RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW (SPIRES &
ROUGHNESSES )

" 1/500-SCALE TAUT STRIP MODEL TEST

FLEXURAL FREQUENCY 6.25 TORSIONAL FREQUENCY =17.50

it

FLEXURAL DAMPING 2.84 TORSIONAL DAMPING =1.31

TURBULENCE INTENSITY , IW : 12.0%

V/{B X FZ) REDUCED FLEXURAL V/{B X FA) REDUCED TORSIONAL

RESPONSE RESPONSE

4.6 ~0.0038 1.6 ) 0.0017
6.5 0.0066 2.3 0.0033
9.2 — 0.0115 3.3 0.0072
11.3 0.0160 4.0 0.0111
13.0 0.0198 4.7 , 0.0145
14.6 0.0233 5.2 s 0.0186
16.0 0.026% 5.7 0.0224
17.4 0.0292 6.2 0.0266
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TABLE D-6 | R

RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW (SPIRES &
ANGLES)

1/500-SCALE TAUT STRIP MODEL TEST  _

6.25 TORSIONAL FREQUENCY =17.50

FLEXURAL FREQUENCY

FLEXURAL DAMPING 2.84 TORSIONAL DAMPING =1.31

»

TURBULENCE INTENSITY , IW : 13.2%

v7/(B X FZ) REDUCED FLEXURAL V/(B X FA) REDUCED TORS I ONAL

RESPONSE RESPONSE
4.5 0.0053 1.6 0.0019
6.4 0.0096 2.3 0.0045
7.9 0.0149 2.8 0.0074
9.1 0.0192 3.2 0.0112

10.1 0.0236 " 3.6 0.0142

11.1 0.0266° . 4.0 . 0.0178

12.8 0.0354 4.6 0.0263

14.5 0.0401 5.2, 0.0320

15.7 " 0.0469 5.6 0.0385

6.2 0.0469

17.5 0.0548
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TABLE D-7 ' P

RESPONSE AT -FLOW CONDITION : SMOOTH (BARE TUNNEL)
1/500-SCALE TAUT STRIP MODEL TEST

FLEXURAL FREQUENCY

8.80 TORSIONAL FREQUENCY =21.80

FLEXURAL DAMPING 0.50 TORSIONAL DAMPING =0.78

TURBULENCE INTENSIT¥ , IW : 0.25%

vV/{B X FZ) REDUCED FLEXURAL V/(B X FA] REDUCED TORSIONAL

RESPONSE RESPONSE
4.9 0.0003 2.0 0.0002
6.9 0.0005 2.8  0.0002
9.8 0.0007 _ 3.9 0.0004

12.0 0.0010 4.8 . 0.0006

13.8 0.0011 5.6 © 0.0007

15.4 0.0014 6.2 0.0010

17.6 0.0018 7.1 ~0.0012

19.5 0.0023 1.9 0.0020
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TABLE D-8

T

RESPONSE AT FLOW CONDITION : HOMOGENOUS TURBULENCE (COARSE

GRID).

1/500-SCALE TAUT STRIP MODEL TEST

FLEXURAL FREQUENCY

FLEXURAL DAMPING

TURBULENCE INTENSITY , IW : 13.3%

0.50 TORSIONAL DAMPING

8.80 TORSIONAL FREQUENCY =21.80

=0.78

V/(B X FZ} REDUCED FLEXURAL V/{B X FA) REDUCED TORSIONAL

RESPONSE RESPONSE
3.6 0.0071 1.4 0.0024
5.0 0.0118 2.0 0.0054
7.1 0.0214 2.9 0.0118
8.7 10.0293 3.5 0.0175

10.1 0.0382 4.1 0.0243

11.3 0.0437 4.5 0.0306

12.3 0.0493 5.0 0.0381

13.3 0.0560 5.4 0.0454
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TABLE D-9

-

RESPONSE AT FLOW CONDITION : HOMOGENOUS TURBULENCE.(FINE
GRID)

1/500-SCALE TAUT STRIP MODEL TEST

FLEXURAL FREQUENCY

= 8.80 TORSIONAL FREQUENCY =21.B80
FLEXURAL DAMPING = 0.50 TORSIONAL DAMPING =0.78
TURBULENCE INTENSITY , IW : 6.4%

V/(B X FZ) REDUCED FLEXURAL V/(B X FA) REDUCED TORSIONAL

RESPONSE RESPONSE
4.9 . 0.0045 2.0 0.0023
6.9 0.0077 * 2.8 0.0044
8.5 0.0102 3.4 0.0069 \
9.8 < 0.0131 3.9 0.0085
12.0 ©0.0177 2.8 0.0124
13.8 0.0200 5.6 0.0156
15.4 0.0225 6.2 0.0156
17.0 0.0252 6.9 0.0225
18.0 0.0307 7.3 0.0293

3

™~
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TABLE D-10 P
—RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW ( SPIRES )
1/500-SCALE TAUT STRIP MODEL TEST

8.80 TORSIONAL FREQUENCY =21.80

&

FLEXURAL FREQUENCY

FLEXURAL DAMPING

0.50 TORSIONAL DAMPING =0.78
& - » PR . .
TURBULENCE INTENSITY , IW : 10.5%

N\
Vv/(B X FZ) REDUCED FLEXURAL V/{B X FA) REDUCED TORSIONAL

\\7 RESPONSE RESPONSE
; . .
- 3.8 0.003% 1.5 0.0011
5.4 0.0080 2.2 0.0029
6.6 0.0112 2.7 0.0052
7.6 0.0142 3.1 0.0072
9.3 0.0196 3.8 0.0105
10.8 0.0242 $.3 - 0.0161
12.0 0.0282 4.9 0.0197
13.2 0.0317 5.3 0.0247
14.4 0.0379 5.8 0.0290



TABLE D-11 o P

RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW (SPIRES &
ROUGHNESSES)

-

1/500-SCALE TAUT STRIP MODEL TEST

8.80 TORSIONAL FREQUENCY =21.80

FLEXURAL FREQUENCY

|

FLEXURAL DAMPING 0.50 TORSIONAL DAMPING =0.78

TURBULENCE INTENSITY , IW : 12.0%

V/(B X FZz) REDUCED FLEXURAL V/(B X ?A) REDUCED TORSIONAL

RESPONSE RESPONSE
3.3 0.0030 1.3« 0.0009
4.6 0.0052 1.9 0.0021
6.5 © 0.0091 2.6 0.0050
7.3 0.0111 3.0 0.0066

8.0 0.0125. 3.2 0.0079
9.3 0.0149 3.7 0.0106

10.3 - 0.0184 4.2 0.0127"
1.3 0.021z2 . . 4.6  C.0lé4

12.3 f 0.0232 - 5.6 o.ozgg/h

- 150‘ -



TABLE D-12
' [ T
RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW (SPIRES &
' ANGLES)

1/500-SCALE TAUT STRIP MODEL TEST

FLEXURAL FREQUENCY

"

8.80 TORSIONAL FREQUENCY =21.80,

FLEXURAL DAMPING 0.50 TORSIONAL DAMPING =0.78

TURBULENCE INTENSITY , IW : 13.2%

V7{B X FZ) REDUCED FLEXURAL V/(B X FA) REDUCED TORSIONAL’

RESPONSE RESPONSE

3.2 - 0.0040 : 1.3 0.0011

4.6 0.0077 1.8 0.0027

6.4 0.0147 2.6 0.0072

7.9 0.0196 3.2 0.0112

5.1 0.0257 3.7 0.0163

10.2 0.0296 4.1 ©0.0207 /
11.2 0.0345 4.5 0.0272 //
12.1 0i0391 - ¢.s  0.031% -
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TABLE D-1i3

RESPONSE AT FLOW CONDITION : SMOOTH {BARE TUNNEL)

1/500-SCALE SECTIONAL MODEL TEST

FLEXURAL FREQUENCY = 9.80 TORSTONAL FREQUENCY =17.§0
FLEXURAL DAMPING = 0.92 TORSIONAL DAMPING =C.328
TURBULENCE INTENSITY , IW : 0.0% '

v/{B X FI) REDUCED FLEZXURAL V. (B X FAa) REDUCED TORSIONAL

RESPONSE RESPONSE
5.3 £.0002 2.4 0.0004
6.2 0.000C3 1.4 0.0005
8.8 0.0004 3.8 0.0007

10.7 ' 0.0065 £.9 0.0008

iz2.4 ‘c.o007 5.8 5,001

13.9 0.000¢ . 7.6 0.0017

15.2 0.0017 E.3 0.0030

L1586 9.0023 8.5 0.005¢

15.7  0.0050 8.6 0.0126

5.7 0.072C

15.8 - 0.0250



v TABLE D-14 P

RESPONSE AT FLOW CONDITION : HOMOGENOUE TURBULENCE (COARSE -
GRID) '

_2/500-SCALE SECTIONAL MODEL TEST

1)

\D

LEXURAL FREQUENCY = G.B80 TORSIONAL FREQUENCY =17.90 -
FLEXURAL DAMPING = 0.92 TORSIONAL - DAMPING '=(. 38

TURBULENCE INTENSITY , Iw : 13.1%

Vv, (B X FI) REDUCED FLEXURAL V/(B X FA) REDUCED TORSIONAL

RESPONSE ) RESPONSE

3.9 0.0040 2 0.0045

5.5 0.0079 3.0 0.0113 ’
7.8 © 0148 4.3 0.0234

a.¢ 0.0202 5.2 0.0331

1.0 0.0244, 6.C 0.0446

12.3 0.028% 6.8 '0.0540
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RESPONSE AT FLOW CONDITICN

1/500-SCALE SECTICNAL

FLEXURAL FREQUENCY

FLEXURAL DAMPING

n

TURBULENCE INTENSITY

TABLE D-15

GRID)

MODEL TEST

9.80

0.92

, LW @

PR

: HOMOGENOUS TURBULENCE (FINE

TORSIONAL FREQUENCY =17.90

TORSIONAL DAMPING

6.2%

=0.38

V/CB X Fz) REDUCED FLEXURAL V/(B X FA) REDUCED TORSIONAL

RESPONSE RESPONSE
4.4 0.0022 2.4 . 0.0030
6.2 0.0037 3.4 0.0065
7.6 0.0052 4.2 0.0099
8.8 0.0063, 4.8 0.0123

10,7 9.0098 5.9 0.0176

12.4 0. 0107 6.8 0.0220

13.9 0.0142 7.6 0.0324

15.2- 0.0201 8.3 C.0470

155 9.0251 £.T 0.0594
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TABLE D-16 . i

RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW (SPIRES)
1/500-SCALE SECTIONAL MODEL TEST

FLEXURAL FREQUENCY = 9.80 TORSIONAL FREQUENCY =17.950

FLEXURAL DAMPING = 0.92 TORSIONAL DAMPING =0.38
TURBULENCE INTENSITY , IW : 9.8%

v/(B X F2) REDUCED FLEXURAL V/(B X FA) REDUCED TORSIONAL

RESPONSE | RESPONSE
3.4 0.0028 1.9 0.0029
4.8 0.0053 2.6 . 0.0057
5.9 0.0080 3.2 0.0099
6.8 0.0106 3.7 0.0141
8.4 : 0.0130 . 4.6 o 0.0211
5.7 0.0163 5.1 0.0300

10.8 . 0.0199 5.9 0.0395

11.8 0.0228 6.5 0.0482

12.8 0.0271 7.0 0.0575

- .
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TABLE D-17 T

RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW (SPIRES &
ROUGHNESSES)
1/500-SCALE SECTIONAL MODEL TEST

FLEXURAL FREQUENCY 9,80 TORSIONAL FREQUENCY =17.90

FLEZURAL DAMPING

0.92 TORSIONAL DAMPING =0.38

TURBULENCE INTENSITY ,'fﬁf: 12.5%

v7TE X 727 REDOCED FLaxU:A; U778 X FA) REDUCED TORGIONAL
RESPONSE RESPONSE
3.0 0.0019 1.7 0.0022
5.2 0.0039 2.3 0.0041
5.2 0.0054 2.9 .0.0069"
! 6.0. . 0.0068 3.3 . 0.0099
7.3 0.0086 4.1 0.0151
8.5 0.0115 4.7 0.0217
9.5 0.0127 5.2 0.0288
10.4 0.0146 ' 5.7 " 0.0376
11.2 0.0182 6.2 0.0638
11.6 0.0212 6.4 0.0840
12.0 0.0228 6.6 0.0925



TABLE D-18 i
RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW (SPIRES AND
ANGLES)
1/500-SCALE SECTIONAL MODEL TEST
FLEXURAL FREQUENCY = 9.8C TORSIONAL FREQUENCY =17.90

FLEXURAL DAMPING = 0.82 TORSIONAL DAMPING =0.38

TURBULENCE INTENSITY , IW : 13.0%

Vv/{B X FZ) REDUCED FLEXURAL V/(B X FA] REDUCED TORSIONAL

RESPONSE RESPONSE
3.3 0.0022 1.9 0.0025
4.7 0.0048 2.6 0.005%
5.8 0.0078 3.2 0.0095
6.7 0.0091 3.7 0.0135
5.2 6.0133 4.5 " 0.0199
5.5 0.0167 c1\5.2 0.0298

10.6 0.0188 5.9 0.0400

11.5 0.0215 6.4 G.0873

12,5 0.06250 6.9 0.0544
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TABLE D-19

RESPONSE AT FLOW CONDITION : SMOOTH FLOW {BARE TUNNEL)
1/500-SCALE SECTICNAL MODEL TEST
FLEXURAL FREQUENCY =12.00 TORSIONAL FREQUENCY =22.00

FLEEURAL DAMPING = 0.54 - TORSIONAL DAMPING =0,26

TURBULENCE INTENSITY , IW : 0.0%

V7(8 X FZ) REDUCED FLEXURAL V/(B X FA) REDUCED TOhSIONAL

RESPONSE RESPONSE
3.6 0.0001 2.0 0.0002
5.1 0.0002 2.8 0.0003
7.2 0.0003 3.9 q 0.0004
8.8 0.0004 4.8 0.0005

10.1 0.000€ 5.5 0.0006

11.3 0.0008 6.2 0.0009

12.4 0.0011 6.8 0.0014

13,2 0.0021 T2 0.001%4

13.5 0.0011 ) T.4 . 0.001%

13.9 0.0012 7.6 0.0016



P,

TABLE D-20 . P
RESPONSE AT FLOW CONDITION : HOMOGENOUS TURBULENCE (COARSE
- GRID) | :
1/500-SCALE SECTIONAL MODEL TEST -
FLEXURAL FREQUENCY =12.00 TORSIONAL FREQUENCY =22.00
_f . -

FLEXURAL DAMPING = 0.54¢ TORSIONAL DAMPING =0.26

TURBULENCE INTENSITY , IW : 13.1%

v/{B X FZ) REDUCED FLEXURAL V,(B.X FA) REDUCED TORSIONAL

RESPONSE RESPONSE
3.2 0.0036 1.7 0.0034
4.5 0.0066 2.5 +0.0074 .
6.4 0.0137 3.5 - 0.0161
7.8 0.0178S 5.3 0.0246
5.0 0.0218 - 0.0333
10.1 0.0268 5.5 0.0396
SEUCTEN 0.0324 6.3 0.0493



TABLE D-21 ' P
RESPONSE AT FLOW CONDITION : HOMOGENOUS TURBULENCE (FINE
: GRID)
1/500-SCALE SECTIONAL MODEL TEST
FLEXURAL FREQUENCY =12.00 TORSIONAL FREQUENCY =22.00

FLEXURAL DAMPING = 0.54 TORSIONAL DAMPING =0.26

TURBULENCE INTENSITY , IW : 6.2%

v/{(B X FZ) REDUCED FLEXURAL V/(B X FAJ REDUCED TORSIONAL

RESPONSE ) RESPONSE
3.6 0.0019 2.0 0.0019
5.1 0.0036 2.8 0.0046
6.2 0.0048 3.4 0.0074
7.2 0.0058 3.9 0.0090
8.8 0.0077 4.8 0.0137
10.1 0.0094 ‘ 5;5 0.0176 -
11.3 0.0111 6.2 0.0217
12.4 0.0133 6.8 0.0271
13.0 0.0145 7.1 0.0292
o :
’ /



"TABLE D-22 : ¥

RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW (SPIRES)

1/500-SCALE SECTIONAL MCDEL TEST

FLEXURAL FREQUENCY =12.0 TORSIONAL FREQUENCY =22.00
FLEXURAL DAMPING = 0.54 TORSIONAL DAMPING =O'2KX
TURBULENCE INTENSITY , IW : 9.8% ' .

V/{B X FZ) REDUCED_ FLEXURAL V/{(B X FA) REDUCED TORSIONAL

RESPONSE . RESPONSE
2.8 0.0019 1.6 0.0019
4.0 0.0043 2.2 0.0040
5.6 0.0075 3.1 0.0097
6.9 0.0113 3.9 0.0149
8.0 ' 0.0148 4.5 0.0191
8.9 . 0.0180 5.0 0.0238
10.2 .. 0.0223 5,7 0.0325
11.1 . - 0.0266 - 6.2 0.0432
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-~ TABLE D-23 P

RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW (SPIRES &
. ROUGHNESSES) .

T
(;/E/SOO;SCALE SECTIONAL MODEL TEST

‘\\\ FLEXURAL FREQUENCY =12.0 TORSIONAL FREQUENCY =22.0

FLEXURAL DAMPING '= 0.54 TORSIONAL DAMPING =0.26

TURBULENCE INTENSITY , IW : 12.5%

Vv/{B X FZ) REDUCED FLEXURAL v/(B X FA)] REDUCED TORSIONAL

RESPONSE . - RESPONSE
2.4 " 0.0013" 1.4 0.0013°

3.4 . -0.0027 1.9 0.0028
5.2 0.0043 2.3 0.0049

4.8 0.0056 . 2.7 0.0068

5.9 0.0080 33 . 0.0102

6.8 0.0093 ;! 3.8 © 0.0149

7.7 0.0115 - 8.3 0.0188
‘8.4 0.0128 1 4.7 0.0239

9.4 0.0172 5.2 0.0318
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TABLE D-24 IR
RESPONSE AT FLOW CONDITION : BOUNDARY LAYER FLOW (SPIRES AND
ANGLES)
1/500-SCALE SECTIONAL MODEL TEST
W, :
FLEZURAL FREQUENCY =12.0 TORSIONAL FREQUENCY =22.0

FLEXURAL DAMPING = 0.54 TORSIONAL DAMPING ~=0.26

TURBULENCE INTENSITY , IW : 12.5%

Vv7{B X FZ) REDUCED FLEXURAL V/{(B % FA) REDUCED TORSIONAL

RESPONSE RESPONSE

2.7 0.0018 " 1. 0.0017
3.8 0.0045 2.1 0.0035
4.7 0.0059 2.6 0.0064
5.4 0.0087 ; 3.0 10.0094
6.6 0.0122 3.7 C0.0147
7.7 0.0188  _ 4.3 - .%0.0215 °
8.6 0.0175 T 0.0261
9.4 0.0204 5.2 0.0321
10.1 " 0.0232 5.7 0.0374
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Appendix E ']

RESULTS OF FLOW MEASUREMENT



,
~ TABLE E-1

FLOW MEASUREMENTS AT FLOW CONDITION : SMOOTH (2-D)

HEIGHT FROM VELOCITY TURBULENCE TURBULENCE
TUNNEL FLOOR RATIO INTENSITY(U)  INTENSITY(W)
7 (CM.) . (VI/VG) (%) (%)
2.5 7 0.953 5.404 3.310
Z
3.8 ' 0.989 2.734 1.790
5.1 0.987 1.162 1.033

5.6 1.000 0.741 0.868%
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TABLE E-2

-

FLOW MEASUREMENTS AT FLOW CONDITION : HOMZGENOUS
- TURBULENCE (COARSE GRID) (2-D) |

~____
HEIGHT FROM VELOCITY - TURBULENCE \$Q§BULENCE
TUNNEL FLOOR RATIO . INTENSITY(U) INT

NSITY(W)
Z (CM.) (VZ/VG) (%) : (E)*s\\
7.6 0.851 © 15,507 » 13.502 \T\\

10.2 0.877 15.345 . 13.176
11.1 0.890 14.756 12.839
¢ 12.7 0.9%1 14.331 12.338
15.2 ‘ 0.958 13,206 - 1Y.257
) . )
S~
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TABLE E-3

FLOW MEASUREMENTS AT FLOW CONDITION

HOMOGENOUS
TURBULENCE (FINE GRID) (2-D)
HEIGHT FROM VELOCITY TURBULENCE TURBULENCE
TUNNEL FLOOR RATIO INTENSITY(U) INTENSITY (W)
z (eMl) - (VZ/VG) (@) (%) -
11.1 0.987 . 6.817 6.099
12.7 0.993 "~ 7,066 6.126
P
&
- :
: s

o~
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TABLE E-4_ -
FLOW MEASUREMENTS AT FLOW c?gnéfxou : BOUNDARY LAYER{SPIRES)
HEIGAT FROM  VELOCITY TORBULENCE TURBULENCE
TUNNEL FLOOR RATIO INTENSITY(U)  INTENSITY (W)
z (CM.) (VI/VG) (%) (%)
2.5 0.682 12.506 10.665
5.1 0.707 11.891 10,205 -
7.6 0.736 . 17/52“ .10.066
10.2 0.763 - 1Y.646 . 10.000
12.7 0.802 10.803 . .4 +9.598
15.2 0.837  10.000 © s.231
17.8 0.870 . 9.138 8.324
20.3 0.899 8.127 7.698
22.9 0.925 6.923 ;Jsas'
25.4 0.944 5.898  5.864
30.5 0.973 3.970 4.069
35.6 0.983 - 2.345 2.572
. 40.6 [f’ 0.999 1.193 | 1.289
45.7 1.000 0.741 0.676
| C |
AN, s
\ N
P - 168 - °



[ TABLE E-5 B P
FLOW CONDITIN_: BOUNDARY LAYER(SPIRES & ROUGHNESS) (2-D)

o

HEIGHT FROM VELOCITY TORBULENCE TURBULENCE

TUNNEL FLOOR RATIO INTENSITY(U)  INTENSITY(W)

z (CM.) (vz/vG) (%) (%)
7.6 0.570 20.395 15.367
10.2 0.634 16.853 13350
12.7 0,681 14.468 11.915
15.2 0.744 12.381 10.130
17.8 0.805 . .10.840 ‘ 9.720
20.3 0.850 9.470  8.636
22.9 0.901 : 8.036. 7.500
25.4 0.924 . 6.690 6.551 )
' \ -

. 30.5 ~0.966 - 4.433 4.600
35.6 0.988 2.606 2.997
40.6 - 0.998 1.613 1.806
45.7 T 1,001 . 0.836 0.836

» i
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. TABLE E-6 . ;
FLOW MEASUREMENTS AT FLOW CONDITION : BOUNDARY LAYER(SPIRES
’ & ANGLES) (2-D) :
s
HEIGHT FROM  VELOCITY TURBULENCE TURBULENCE
TUNNEL FLOOR RATIO INTENSITY(U)  INTENSITY(W)
z (CM.) (VZ/VG) (%} (%)

2.5 0.539 19.104 17.493
5.1 0.573 19.270 16,348
7.6 0.620 18.182 15.584
10.2 0.658 16.732 14.384
12.7 0.682 14.953 13.585
15.2 0.728 13.510 12.246
17.8 0.773 12.073 10.991
20.3 0.811 10.754 10.000
22.9 0.842 9.564 ' 8.875
25. 4% 0.875 8131 7.837
30.5 0.918 5.367 5.647
35.6 0.941 3.488 2.659
1 40.6 0.959 1.812" 1.980
“ 15,7 0.969 1.130 0.930
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FLOW MEASUREMENTS AT FLOW CONDITION : SMOOTH (3-D)

TABLE E-7

.
HEIGHT FROM VELOCITY TURBULENCE TURBULENCE
TUNNEL FLOOR .RATIO INTENSITY(U) INTENSITY (W)
z (CM.) {(VZ/VG) (%) (%) «
0.5 0.648 13.978 9.808
1.5 0.931 7.658 4.786 "
-
2.5 0.969 5.208 - 2.819
_ 3.5 0.984 2.820 1.691
4.5 0.998 1.685 " 1018
26.0 0.998 0.476 0.028
)
@
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TABLE E-8 I

FLOW MEASUREMENTS AT FLOW CONDITION : HOMOGENOUS
TURBULENCE (COARSE GRID) (3-D)

HEIGHT FROM VELOCITY TURBULENCE . TURBULENCE

TUNNEL FLOOR RATIO INTENSITY (U) INTENSITY (W)
©z (CM.) - (VZ/VG) (%) (%)
3.5. . 0.721 18.699 13.959
1.0 . 0.731 18.366 - 13.585
13.5 0.758 15.658 12.982.

’ . -



TABLE E-§

FLOW MEASUREMENTS AT FLOW CONDITION : HOMOGENQUS
_TURBULENCE(FINE GRID) (3-D)

]

<
HEIGHT FROM - VELOCITY TURBULENCE TURBULENCE -
TUNNEL FLOOR RATIO INTENSITY(U)  INTENSITY (W)
Z (CM.) AvVZ/VG) (%) (%)
o 9.5 | " 0.986 7.356 6.620
‘ 11.0 0.995 7.185 6.492

13.0 0.997 7.060 . 6.550
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TABLE E-10
P

FLOW MEASUREMENTS AT FLOW CONDITION : BOUNDARYgLAYER(SbIRES)

(3-D) .
HETGAT FROM  VELOCITY  TURBULENCE TURBULENCE
TUNNEL FLOOR - RATIO INTENSITY(U)  INTENSITY(W)
zZ (CM.) (VZ/VG) (%) (%) ‘
6.0 0.691 14.545 11.727
8.0 0.729 14.483 ©11.078
10.0 0.760 ' 13.678 10.744
13.4 ' 0.79% 12.510 10.071
16.8 0.842 10.966 9.399
20.5  0.889 9.261 B.05S
25.5 - 0.932 6.237 6.136
30.1 0.945 4.520 4.420
36.5 © 0.968 2.a18 2.596
41.0 0.977 1.221 1.511

44.7 ¢.982 - - 0.800 0.5928

&
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TABLE E-11 . P

FLOW MEASUREMENTS AT FLOW CONDITIN : BOUNDARY LAYER
(SPIRES & ROUGHNESS) (3-D) - -

HEIGHT FROM VELOCITY TORBULENCE -~ TORBULENCE
TUNNEL FLOOR RATIO INTENSITY(U)  INTENSITY(W)
Z (CM.) (VZ/VG) (%) (%)
9.5 0.651 0 17.957 11.847
11.5 0.668 15.364 - 11.136
16.0 0.717 " 12.489 9.441
20.0 © 0.832 ' 10.284 8.279
24.0 0.888 +7.858 6.833
28.0 0.938 5.469 5.375.
32.0 0.947 3.719 4.040
36.0 0.964 2.457 2.709
40.0 0.981 1.548 1.625
Y
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o ‘ TABLE E-12

P -

‘ rhy
FLOW MEASUREMENTS AT FLOW CONDITION : BOUNDARY LAYER(SPIRES
: - & ANGLES) (3-D)

HEIGHT FROM VELOCIT TURBULENCE TURBULENCE

, TUNNEL FLOOR RATIO ©  INTENSITY(U) INTENSITY{W)
z (CM.) (vz/vG) (%) (%) .
9.5 0.625 20.031 14.127
11.5 0.655 16.216 13.194
13.0 0.692 14.535 °  12.219
16.0 0.734 13,408 11.070
3 o -
22.0 0.813 10.693 9.018
28.0 0.875 7.049 6.564
35.0 0.924 3.868 - 3.937
40.0 0.953 2.331 2.537
44.0 _ 0.966 1.550 1.783
N
ﬁ"*-_ . - t.
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" TABLE E-13

-

FLOW MEASUREMENTS AT FLOW CONDITION : 90 INCHES FROM THE\‘.
| SPIRES -
DISTANCE FROM VELOCITY — TURBULENCE TURBULENCE
TUNNEL WALL RATIO INTENSITY(U)  INTENSITY(W)
X (IN.) (VX/VG) (%) (%) -
1.9 0.781 11.294 8,533
3.7 0.823 T 11.220 9.812
5.3 . 0.833 11,399 10.124
6.8  0.822 11.991 | 10,384
8.5 0.810 11.919.  10.250%
10.0  0.805 11.795 ©10.356 h
11.8 . 0.782 11.687 10.700
13.3 0.777 11.636 -10.600
15.0 0.779 12.066 10,537
. 16.4 0.779 12.479 ©10.496
19.6 0.779 12.392 | 16.533ﬂ
21.2 0.777 12.298 10.642
22.8 0.783 11.929 10.695
24.4 0.782 11.753 ~ 10.680
25.9 0.803 11.231 10,429
27.7 ' 0.802 11.847 10.402
29.1 0.814 11.976 10.198
30.7 0.837 11.111 9.919
32.3 . 0.825 10.929 19.680
34.1 0.782 11.317 8.642

- H
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TABLE E-14

FLOW MEASUREMENTS AT FLOW CONDITION : 45 INCHES FROM Tﬁé T
o SPIRES :
DISTARCE FROM VELOCITY ‘_Tﬁﬁﬁﬁtﬁﬁfﬁ“““ﬁﬁﬁﬁﬁiﬁﬁfﬁ
TUNNEL WALL RATIO INTENSITY(U) INTENSITY{W)
X (IN.) (VX/VG) (%) , (%)
2.1 0.767 17.556 14.322
3.9 0.784 - 16.954 14.819
5.3 0.805 18.265 15.188
6.9 0.793 . 18.806 ; 15.597
8.6 -. . 0.771 20.492 15.609
10.2 0.764 19.477 16.357
11.9 0.753 » 17.949 16.239
"13.5 0.752 18.870 16.260
15.2 - 0.769 18.787 - 15.565
16.7  0.788 18.750 15.359

18.9 0.776 19,212 - 15.104
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COMPUTER PROGRAM
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\-

2332222222222 22222 R 2R Rt L2l Rds s
' -

* *
* RESPCNSE CALCULATION *
« . . *

AR RAN AR AR RA AR R R AR R LR RRRR AN RN RRAAR RN KR
COMPLEX*16 CMPLX,HO,H1,DEN,CC,ZL,AL,ZM,AM,BZ,BA,
*AAl,AA2,AA3,AAd
COMPL$3'16 DEL,CC1,CC2,CC3,CC4,CCB,CC6

&&&&&h&&&&&&&&&h&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

&
PI 3.142857..... ‘ &
SL i SLOPE OF LIFT FORCE COEFFICIENT &
SM }mgtops OF MOMENT COEFFICIENT &
BET : FREQUENCY RATIO FA/FZ &
SP : SPAN LENGTH OF THE BRIDGE &
AMU : MASS RATIO &
_ANU : MASS MOMENT OF INERTIA RATIO &
&

c
¢
o
o
o
o
¢
o
C HG : DECK HEIGHT |
C BB : LINEAR DIMENSION OF THE BRIDGE DECK &
C  CC': CORRELATION FACTOR * : &
C TI : TURBULENCE INTENSITY ' &
C 2% : FLEXURAL DAMPING &
C ZA : TORSIONAL DAMPING &
C FZ: FLEXUEAL FREQUENCY &
C FA : TORSIONAL FREQUENCY : &
o | &
CHb&LEEEEELEELLEALEEEELLEEEELEEEEALELELGLLELLLLLLS
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PI=4,.*ATAN(1.)

- %

’fSLsz:*é{' S e .
sw-éf)é |
FZnAFz(lf
Sp=440., .
" FA=AFZ(1)*1.66 -
BET=FA/FZ e
ANU=10.0
AMU=40.0
221=22(1)*100.0
222=22(1)
ZAA=ZZZ
TI=TUI{1)*100.0

C************************************************
-

¢ .
C IX : FREQUENCY FROM 0.05 FZ TO 5 Fz *

C XI : F/FZ v . *

C VR(III) : .REDUCED VELOCITY o * Yy

CERARRRRRRREIARAAERRAER kA bk khkhhkhhkkhkhd

DO 1 IIl=1,3dd
V(III)=FLOAT(III)*K
DO 6 I=1,KOUNT

C***itt******************************************

c - . *
C SSZ = SQUARE OF RMS OF VERTICAL RESPONSE *
€t SSA = SQUARE OF RMS OF TORSIONAL RESPONSE  *

C _ ' *
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"

c******!****t*****ti****ttitt*ti****i***i*******t

$52=0.0
" SSA=0.0
DO 10 IX=1,100
XI=FLOAT(IX)*0.05
C**************;*****************f***************;*'*t*****
. . o
C APPROXIMATION OF THEODERSON'S FUNCTION : F(K) *+ IG(K) *
) ) )

o
C*************************************************t*t******

AK=PI*XI/VR(III)
HO=CMPLX(1.0,-0.0455/AK)
H1=CMPLX(1.0,-0,30/AK)
CC=1.0-0,165/H0-0.335/H1
CCl=-2'.0*CC/AK
C************************t******t**i*********ﬁ********tt***
C : : _ ' *
C USING THEODERSON'S FUNCTION, _ . *
C THE NONLINEAR FORCES CAN BE APPROXIMATE : ZL, AL, ZM, AM*
c . . . *
C************t****i*i**************************************
ZL=CMPLX(-1.0-AIMAG(CC1),REAL(CC1))
CC2=CC1/AK
cc;sircc—l.O)/Aa
- AL=CMPLX(REAL(CC2)-AIMAG(CC3),AIMAG(CC2)+REAL(LC3))
CC4=CC/AK ‘ '
| ZMeCMPLX (-AIMAG{CC4) ,REAL(CC4))
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CC5=CC4/AK
CCé=(CC-1.0)/2.0/AK

!.~u'

AM=CMPLX(-0,125+REAL(CC5)-AIMAG(CC6) ,AIMAG(CC5)+REAL(CC6))

C******tt*ti************tt****t************t****!*******i**

c ' *
C FORM THE FREQUENCY RESPONSE FUNCTION : Al, A2, A3, A4 *
C DEL : THE DETERMINANT OF THE FREQUENCY RESPONSE FUNCTION*
C ' R

i*ttt*;*#***?i*****************t****!**********************‘

BZ=CMPLE(1.-XI*XI,2,*XI*222)
BA=CMPLX (BET**2-XI*%2,2 . *BET*XI*ZAA)
AAl=AMU*BZ-ZL*XI**2 .
AA2=-AL*XI**2
AA3m- (ZM*EI**2)
AA4=ANU*BA-AMXXI**2
DEL=AAL*AA4-AA2*AAJ
R1=CDABS ( AA4/DEL)
R2=CDABS (AA2/DEL) o

" R3=CDABS (AA3/DEL)
R4=CDABS (AAl/DEL)

C*******t******************************

¢ o S

s

C********************************ﬁ***f* R

v

C FORM THE RESPONSE SPECTRUM * \
c . \
. \

A=(SL*VR(III)**2/(PI**3))**2
B=PI*#*2%*2#XI /VR(III)+1

1
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-

Ci***i*****************t*t*t***********

. .
C FORM THE VELOCITY SPECTRUM *
c . | | *

C**tt***************f**t**t**t******'*ﬁ

C=6.0*HG(I)*{TI**2)/BB/VR(ILI)
D={4,.*HG(I)*XI/BB/VR{III}+1.)%*2
Gu(2.%*SM/SL)**2

C*tt***t****ﬁ*****tt**********t***i*tii

C ! ®
C THE JOINT ACCEPTANCE FUNCTION *
C CC : CORRELATION FACTOR | *

C**‘***********'********************f**

HX=CC*SP*XI/BB/VR(III)

HQ=HX**2+PI *%2 |

IF (HX.GT.15) PP=0.0

IF (HX.LE.15) PP=EXP{-HX)

He (4*HE/HQ) +8 . *PI **2% (PP+1.) /HQ**2
d**t**************************;*'****ﬁ********
c .
C CALCULATE THE CQRRESPONDING RMS stpbnsz *
c TO EACH FREQUENCY . *
C**************;****************';************

SZa(R1**2+G¥R2#**2 ) *H*A*C/B/D

SA= (R3**2+G*R&**2) *H*A*C/B/D
C*'***************f******ﬁ**********************

c : : ' *
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C SUM UP THE SQUARE OF RMS RESPONSE _—
¢  FOR EACH FREQUENCY ‘ .
C*t*******;*{*****_***;***'**************V********* )
§SZ=552+52%0.05
SSA=SSA+SA*0.05
10 CONTINUE
6 CONTINUE
1 CONTINUE





