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ABERODYNAMIC BEHAVIOUR OF BRIDGES

SUMMARY

For a number of years, under various contracts, the Department
of Ae?onautics and Fluid Mechanics has been wind-tunnel testing bridge
models for static loads. A recent development has been to include
dynamic testing of models to determine the gtability of.the bridge
in winds, The interest of the writer was in applying aeroelstic
techniques to the prediction of the stability of the bridge models.

Tests on section modelg of a proposed road bridge were carried
out in the low speed wihd-t | el of the Aeronautics Department. The
unusual feature of the bridg‘ under congideration was its composite
nature, the road deck being guspended between a pair of parabolic
arch ribs. In the classic suspension bridges, or cable-stayed bridges,
the deck is suspended from cables and the stability resolved ugsing the
deck alone in the tests. In the case of the proposed bridge, the deck
and the supporting arch rib would interact; and each would contribute
to the dynamic behaviour of the bridge as a whole. However, because
of the differing modes of motion of the parts it was thought that the
aerodynamic stability of the complete structure could be determined
from tests of section models of each part. Interaction between the
parts would tend to reduce motion and increase stability. The size
of the wind-tunnel working section usually prohibits testing of
complete models at an acceptable scale, The radius of curvature of
the arch rib was such that straight sections could be used for the
model with very small errors.

The separate section modeis were tested on the three-component
balance to determine the steady wind forces on the bridge, which were
also compared with predictions using British Standards data, anrd then i

on a dynamic momting to examine their aerodynamic stability.
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Both the arch rib and the deck had a low speed resonant
vibration caused by the natural frequency of the structure matching
that of the shedding of vortex pairs from the top and bottom surfaces.
The amplitudes of vibration of both were greatly reduced by cutting
holes in the webs of the spanwise girders of the deck, and in the side
plates of the arch ribs. These holes bled air from the leading
edges, and reduced the strength of the vortices.

The deck had a divergent pitch oscillation at high speeds,
induced by a vortex phenomenon. The speed at which this occurred
was increased by about 30%_by adding a trapezoidal fairing to the
edge of the roadway parapet. This reduced the strength of the upper
surface vortex by smoothing the airflow.

The low speed instability can be predicted uwsing the Strouhal
number for the structure, and amplitudes of vibration can be
estimated for a number of damping levels, The pitch instability could
only be determined experimentally, and as it will lead to catestrophic
failure of the structure, it is essential that the critical speed is
well above that likely to be experienced by the prototype. Detail
changes have a very important effect on this motion and extrapolation

to the full-size prototype must be done with great care.

Much more dynamic experimental data are needed from full-size
prototypes to allow more confident predictions to be made from model

testing.
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AERODYRAMIC BLHAVIOUR OIF BRIDGES.

THTRODYCTION .

For a number of years, under various contracts, the Department of
Aeronautics and Fluid Mechanics has been wind-tunnel testing bridge
models for static loads. A recent develonment has been fto include
dynamic testing of section models to determine the .stability of the
bridge in winds. The interest of_the writer was in applying aeroela-
stic teclhniques to the prediction of the stability of the bridge models.

At the request of Messrs. W. A. Fairhurst and Partners, consult-
ants to the Scottish Devélopment Departnent, tests on section models of
a proposed road bridge were carried out in the 1.l14m x 0.8m lcw speed
wind tunnel of the Aeronautics Department. The unusual feature of the
bridge uwnder consideration was its composite nature, the road deck being
suspended between a palr of parabolic arch ribs.

_‘The proposed bridge consisted of a light steel and roinforced
concrete deck forming a two-lane carriageway, with side footpzths,
supported by the steel arch ribs at 13 metre intervals. The ribs were
of hollow rectangular cross~section, and presented a frontal area aunprox-
imately one and a halfl times that of the deck.

The deck and arch ribs would each contribute to the dynamic
behaviour of the bridge as a whole, bubt it was thought that the aero-
dynamic sisbility of the complete structure could be determined from
section model tests of each part. Also, the size of the wind-tunnel
working section prohibited testing of a combined deck-arch mcdei at an
acceptable scale. A scale of-gé full-size was used for bnth models,
representing a full scale span of %6.2 metres for the sections.

The separate models were tested on the three component baiaﬁce to
determine the steady wind forces on the bridge, and then on a dynamic

mounting to examine their aerodynamic stability.



Following tests on the or_ginal models, a series of modifications
to the basic design were investigated. The final configuration showed
improved dynamic characteristics at both the lower and upper critical

wind speeds.
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LISTORICAL REVIEW.

The collapse of the Tacoma Narrows suspension btridge in November
1940, only five months after it was opened to traffic, came as a very
great shock Lo the corgineering profession, and started the investi-
gations into the serocdynamic 5Labiiity oi" suspension bridges (Reierence
1). Although it was the most sgpectacular and best documented collapse
ol & suspension bridge, it was certainly not the first such eveut.
Throughout the 19th century. suspension bridges had been daweged or
déstroyed by wind in Europe and the United States. In Great Britain
alone; five bridges failed in a period of 21.years, and cthers eiper-
ienced trouble many times 5efére the final collapse. The following
British bridges destroyed by wind induced oscillations had the effect
of dissuading Britishlengiheera for many years Irom eonc.ructing major
suspension bridges. The recent lorth Road Bridge was the first new
major bridge in-over 120 years.

Near Drybuxrgh Abbey, i1 1818, a footbridge 60 metres long and 1.2
metres wide was destroyed six months after it was built (Reference 1).
The walkway was stiffened in the vertical direction by the side parapets,
and the inference that can be made is that it caused Karman vortices to
be {ormed, leading to a destructive torsional oscillation.

Across the river Tweed, at Berhick, the Union Bridge was the first
vehicular suspension bridge, and the first large eyebar chain bridge in
Britain. It was destroyed in nigh winds six months after it was
compreted (Reference 1).

The Brighton Chain Pier, ol four spans of 68 metres, was partially
destroyed in 18%% and 1836. in officer in Lhe Royal ¥ngineers,
Lieutenant-Colonel deid, was an eye witness to the 183%6 occurrence, and
vrote a very full account of the event, with graphic sketches (Reference

2), Mig. 1. He concluded that a torsional oscillation in the third span

o 10 -
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vierloaded the roadway until it broke. Thig relieved the load enough
on the othcr spans to save them.

The suspension bridge across the fEsk at Montrose collapsed once due

to an overload of people walching a boat race, and sgzain in & storm.
The rcadway ways carried away by the storm, but the rest of the struciture
was sound. The bridge was rebuilt with the roadway made very stiff{ in
bending and torsion, and no further trouble was experienced (References
3, 4), Fig. 2.

The Menai Straits Bridge was darmaged in 1826 and 183%6, and serious-
ly dsmaged in 1839. Tig. 3. It was considerably altered when rebuilt,
and remained in use until 1939, when the suspended structure was com-
pletely replacec. An excellent report on this bridge iz presented by
W. A. Provis in the Tfansactiong of the Institute of Civil Engineers
(Reference 5).

- The reports on the Brighton Chain Pier, the Monitrose Suspensgion
Bridgé, aﬁd the Mengi Straits B%idge by qualiiied engineers indicate
that the lailures of the structures veve due to wind induced oscillations.
Various theories were putl forward as to the causes of the oscillations.
The principle ones were thét the wind rebounded off the wator, or came
down on the bridge at an angle of Incidence, forcing vertical displace-
mants.

Vith the present knowledge of the atmospliere, and hiudsigsht, an
indication of the requiremenis for instability can come from comparing
two similarly constructed bridges, the Menal Straits and th Conway.

The Menai bridge was high over the water, and violently affected by the
wind. The Conway bfidge vas 9 metres above the sca, <ind wind effects
‘were slight. (Reference 5). Now it would be said that the Conway
bridge was in the turbulent boundary layer of the atmosphere, very close
to the ground, where tie mean wind speed in any one direction is low.

The turbulence prevents any steady-state flow patterns developing.

LR A
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On the other hana, the Menail bh.idge was ﬁigh enoush in the shear layer
of the atmosphere for the mean velocity to be high, with low turbulence
levels allowing steady-state flow patterns to develop.

It was also recognised that the stiffness of the roadway was very
important. The liarmersnith Bridge in London (Reference Y had deeyn
trussed frames longitudinally, Iig. 2, but was close to the river surface
so the two eflects on stability could not be separated. An iniand site
mz2ant that the averszge wind veloc¢ity was lower than on an exposed coast.
No high bridge had been built with deep trusses, but when all the dazmaged
bridges had been substantially stilfened, they experienced no more
unstable ogcillations.

J. S. Russell, in his paper "On the Vibration of Suspension Bridges
and other Structures" (keference 2), compared the vibration of structures
to the vibration of a musical string. He came by the comparison when
watching a tower of wooden scaffolding 25 metres high in strong winds.
The tower was braced in the middile, and guyed from the top The vpper
half of the beams vibrated in the wind, causing an opposite motion in
the sheltered lower half, with no movement at the bracing. With the
bracing moved to the 4 point, three waves developed, and four waves when
at the % point. The wavefcorms were identical to those on a vibrating
string with 1, 2 anc % nodes. It the position of the bracing was such
that the ratios were not integrel, no oscillation occurred. Russell
carried the analogy over to suspension bridges, resulting in a simple
method of guying to prevent induced oscillation. His method for finding
the distance of the stay [row one end was to square the length (1) of the
bridge, hall the result, 12/2, andlextraot the scuare roct of this. The
result 1//2 is a non-integrsl portion of the length (1) of the bridge.

| Although the paper demonstraeted the forms taken by the oscillating
structures, and their analogy with vibrating strings, the basic exciting

mechanism was not understood {and is still not fully understood). -

- 12 ~



The legacy of these disasters was that British engiteers became
very cautious about building big suspension bridges, and it was leflt to
the Americens to develop this form of construction.

In 1855, a railway bridge was built at Niagara by George Roebling
using his wire cable spinning machine (References 6, 7). This elimin-
ated the unwieldy chains previously used, and msde the erection of the
suspension cables very much easier, since the cable could be built up
strand by strand as the machine Qeﬁt to and Irc across the river.

Chains had to be raised into position en masse. Cables had the added
advantage of being failsafe, whére chains were not. The Xiagars bridge
had a span of 250 metfes; and was guyed from the centre to the foot of
the abubments. WVind caused some damage, and as a resuliy, subsequent
United States bridges were made very robust and ungainly to give high
stiffnesses. |

The {irst bridge to use steel wire cables instead of wrovght iron
was the Brooklyn Bridge, built in 1683 (References T, 8).

With the adveﬁt of the motor car, and the relaxing of roadway
gradient requirements, the trend‘changed towards lighter structures,
culminating in the Bronx—ﬁhitstone and Tacoma Narrows bridsgss. Botin
were very light, slender structures stiffened by plate-girders. The
Tacoma bridge Qas at least half the weight per foot span of any othef

vidge, and generally closer to one—quartgr, the extreme in ribbon-like
bridges. This design was adquate for static wind loads, but not encugh
aerodynamic information was available to avoid the dynamic elfects of
wind induced oscillation. These effects were captured on c¢ine {ilm
during the destruction of the Tacoma Narrows bridge L a torsional oscil-
lation in a wind of 18 m/sec. (Reference 1).  Bridges had suffered from
vibrations before even the truss-stiffened Golden Gate bridge (Reference

4), but nothing had attracted such worldwide attention as this.

- 3% -



The collapse led to extensive research into suspension bridge
stability in the United States of America, especially at the University
ol Washington, where a wind tunnel 30 metres wide was specially built for
testing model bridges. Using the cine film, vibration modes of the
original bridge were duplicated in the modeis, and with'confidence from
this correlation, a safe design for the new bridge was determined. Fig.h4,
Irom the investigation, the technique developed of using section models
of the bridge deck to determine :the behaviour of the complete bridge.
Testing could then be carried out more easily and cheaply in the normal
wind-tunnel, and the models we?e much more amenable to changes in design.
The researches also led to subctantial increases in the torsipnal and
bending stifinesses of exisﬁing bridges, tc prevent a similar occurrence,
and to r;duce.any slight Qscillétion.

At this time, Britain aléo began intensive »essarch into suspension
bridge aerodynamicnstability for a proposed crossing of tliz River Severa.
The main span of the bridge was to be 900 metres, and the side spans 330
metres, and the invéstigations were prompted by the troubles in the United
States of America. The tests were cafried cut by lrazer and Scruton of
the National Physical Labéfator*, using a specially built 13 metre wide
wind tunnel. (References 10, 11).. A stable design with a %russ stiff-
ened suspended structure was developed, and then used for a crossing of
the River torth instead of the Severn. Fig. 5 (Reference 12).

Further research for the Severn crossing produced a significant new
design (Reference 13). The suspended structure was a box-section of
approximately aerofoil shape, which was aerodynamically stable at all
possible wind speeds. This was a major advance in b idge design, giving
a very elegant structure, which was easy to fabricate and erect.

Another advantaege is that the basic shape can be used for other bridges,
such as the Erskine Bridge across the River Clyde, Fig. 6, ~r the bridge

across the Bosphorus at Istanbul (Reference 14).

S R



TACOMA NARROWS BRIDGE

FIGURE 4



FORTH ROAD BRIDGE

FIGURE 5



ERSKINE BRIDGE

FIGURE 6



Contemporary American designs sucir as the Verrazano Narrows Bridge
(Reference 15) in New York, the Tagus Bridge (Reference 16) in Portu;al
and the Orinoco Bridge (Reference 17) in Venezuela still used truss-
stiffened structures. One advantage is that two or m@re levels of road-

way can be incorporated for large volumes of traffic, Yevertheless, it

seems that Britain has made up for the century in the doldrums.



THE PROBLEL O} SCALE OF A FODET..

The laws of similarity and dimensional analysis governing the
scaling of the various properties and functions of any mcdel are deter-
mined by the laws of mechanics. Pwo bridge systems are dynsmically
similar when tue relationship between then is such %hat the forces on
one system are multiples of the forces on the other at tiie corresponding
time. The displacements of both systems will then he similar, and s
o1e system will copy the movements of the other. This iz the whole
reason for making dynamic scale mcdels of bridges, as the model will
show the behaviour of the protouvyps under all conditions rerresented by
the tests.

The movement of a suspension bridge in the wind deponds on its size,
shape, density, elastic module, the damping'of the materials used, the
friction properties inherent in the mode of construction, and the wind
forces.

The relation between the motion of a model and that of the proto-
type is dependent on the lirear and time scales of the model. Denoting
the linear scale, model to prototype, as g and the time scale as '1t,

: .
velocities will be to the scale s/t, and accelerations %o s/tg° With
the same gravitational constants for both systems, and air densitiec
normally the same, gravitational forces will be to the scale 53; and.
inertial forces s4/t2, and for equality of these scales t = /g.

Model wind speeds are thus to the scale‘/g, and f{requencies t.. the scale
1/t or 1//s.

The wind forces acting on a body are partly viscous, from the
friction between the wind stream and the body, and partly inértial, from
the pressure of the wind against the body. Il exact similarity of
behaviour is required befween the model and prototype, wind and gravita-
tional forces must be reduced by the same scale, which must also match

the scales of the other functicns. The ratio of inertial to viscous

—~ A6 .-



wind force is as follows:-

Inertizl Force ol v - velocity
Viscous Force j/g12(xo l - representative length
s
1 L - mass density of air
5, 2, o .
:=ﬁg;iﬁ;lll A - viscosity of ajr

/VIZ(V/T) a - acceleration

={%¥l (the Reynolds Yumber)

One of the uncertainties of model testing is the =2{fect of visco~
sity and Reynolds Number when comparing model and prototype, as the
linear scale factor is usually large. Air flow patterns may not be the
sane as a result of this.. Tortunately, most bridges are bluff bodies
with sharp edges, giving the same flow pattern for the model and prote-
type, and no Reynolds nuﬁber corrections are necessary This was shown

v

in correlating the model tests of the first '"acoma Marrows Bridge with
the prototyie, and in later tesits of the Golden Gate and new Tacoma
ﬁarrows bridges (Reference 1)- Where gaps and slots are present on the
prototype, care must be taken when modelling them, as their small sizes
make the effects of Reynolds number very important. In some cases, it
is neéessary tg have a'slightly incorrect geometric shape in order to
make the model flow pattefn the.same as that of the prototype.

The ratio of inerﬁial foréq to gravitalional force is expressed as

Inertial TForce _  ma

Gravitational Force ng
2

i

‘constant (the iroude number)
Since the acceleration due to gravity, g, is constant, the rela-

tionship between model and prototype is
2 2

- 17 -



2 1
= = g, where & is scale factoer

P

<

" s0

=]

L
2

"

Y
Thus, the model wind velocity is to the scale of Jg of the prototype.

In bridge model testing, the Froude number is used {or scaling
wind speeds, as the deynclds numbter correlablon is generally ignored
for biuff bodies.

Llastic forces must be accounted for in the congtruction of the
model, the members of wh'ich havé areas to the scale 32. As 1t is
difficult to find materials with elastic moduli scaled by s to give
correct elastic foroes, material with the same moduli as the prototype
is used. TFairings and m@és are then added to give the correct shape
and density to compensate for the wrong moduli. This procedure is used
when tegting a coﬁplete model of a bridge. Sectionz ) models are
rigidly construpted fr&m suiteble materials, and ithe required stifinesses,
mass distributions, and inertias achieved using externsl springs and
weightg.

The imporitance of damping cannot be overestimated. The damping,

or decay, of any oscillations is usually specilied by the logarithmic

decrement,cf, of the oscillations, where

§ -

log, N | for & « 1

8=

where I is the ratio of the amplitude at the first cycle to that at the
ath cycle of the damped osci’lation. This is a non-dimensional numbef,
and so the model and prototype should have the same valuaz. Structural
damping is caused by the internal damping of the material, the fretting
action of joints, sliding friction, or any artific-ol damping provided.
There is a lack of information about the damping of full scale structures,
wvhich leads to uncertainty of the aerodynamic stability predicted from
models. A compromise is to test the model with as low a damping as

can be achieved realistically, bearing in mind that welded structures
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tend to have a lower structural damping than bolted structures. Using
the experience of the aircraft industry, with its =xperimenial data on
the structural damping of aivcrait, a reasonable damping level can be
assurad, in order that the model tests do not appear too pessimisgtic.

A short table of scale factors for various funuiions follows:-

I'unction. Dimension. Scale.
Length 1 7 lm/lp =8
2 2

Area, A L Am/Ap = 8

' A
Volume v L’ v /v -8’

m " p

Moment of Tnertia 1,3 4 I/, s
mes i U m Lf - )
Time | ' B_ T im/_{‘p /.s-
Frequency ' W 1/ LAVALS = 1/
Velocity v L/T vr_/vP =/s
Acceleration ) a L/’I,‘2 Am/Ap = 1
ings : 1 - g
Mass . m M . M-I]l/l\*}'} = 9
Elastic Modulus E, G /102 Em/Ep = 8
Stiffness . EI, GJ NL3/T2 (El)m/(zcl)p - g
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CONSTRUCTION OF FODSELS.

The working section dimensions of the University's low speed wind
tunnel are such that testing 2 model of the complete bridge would be
impracticable, and would not give meaningful results. Sectional models
of the arch rib aro road deck were constructed frowm drawings provided oy

. ) A .
the congultants to a scale of =z full size.

52

A strip-laminated plank of_white bine was used to model the rein-
IHrced concrete deck. This would“ayoid any warping of the finished
model, and provide a very solid basic structure for the attachment of
the other components. The main swanwise deck girders were made to the
correct scale geometry using 24 S.W.G. and 22 3.W.7. aluminivm alloy
sheet. Channel sections vere formed from the 24 S.W.5. naterisl, to
which were bonded flange strips using 22‘S.W.G. material. The trans-
verse deck girders were of the correct overall scale dimensions, but
the web and flange thicknesses were 26 S.W.G. and 2 x 20 J.W.G. Iig. 7.
This émall departure from the lrue dimensions hecause of consiruction
problems was considered aéceptable since the airflow would be parallel
to the axes of these members. Correctly scaled safety railings were
inade from brass strip, and the wirc mesh infill was inivially represented
by a woven nylon net. This was subsequently replaced by a rectangular
mesh of tinned copper wire, Fis. 8 (Reference 18) fitted to the inboard
face of the railings.

For the static load tests, mounting brackets were attached to the
underside of the deck and the rear central hanger support pad for
connecting the model 1o the three~component balance Tig. 7. Yor the
dynamic tests, special end-plate fittings were machined from aluminium
alloy, and vere an integrsal part of the model. To them were attached
the stub axles, Figs. 7 and 9, which could be fixed in a number of
positions, so altering the axis of rotation. The stub axles were

removed for the static tests, and the mounting brackets removed for the
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dynamic tests, Fig. 10.

The mass of the deck model, less the stub axles. was 4.9 kg. This
is approximately one third of the correct scale mass, since the effective
mass for the dynamic tests must include all the parts of the dynamic
mountin, which move with the wmodel. Vith the mocdal in its original
configuration, the effective mass was 13.3 kg., compared with the correct
velue of 12.8 kg. After the first series of tests, involving vertical
translation only, the eflfective mass was increased by externcl balance
weights to 14.9 kg. This combined the mass of the deck with 50 of the
estimdble scale mass of the arch rib and hangers. Yor ali the stability
tests of the deck model involVJng rotational movement, the effective mass
moment oflinertia was Q.210,kg.m2, compared with the correct mass mouent
of tli¢ deck alone of 0.174 kg.m®.

The sectional model of the arch rib was in the form of two straight
parallel box beamsﬂrigidly connected together by plywocd ead-plates.

The end piates fulfilled the saﬁe purpose as the alloy onss on the deck
model, providing the atlachment for thg stub axles for the dynamic tests.
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