
[image: Image]


AERODYNAMICS OF LARGE BRIDGES


PROCEEDINGS OF THE FIRST INTERNATIONAL SYMPOSIUM ON AERODYNAMICS OF LARGE BRIDGES / COPENHAGEN / DENMARK/ 19-21 FEBRUARY 1992

Aerodynamics of Large Bridges

Edited by

ALLAN LARSEN

COWlconsult

Organized by

DANISH MARITIME INSTITUTE

[image: Image]


The texts of the various papers in this volume were set individually by typists under the supervision of each of the authors concerned.

Authorization to photocopy items for internal or personal use, or the internal or personal use of specific clients, is granted by A.A. Balkema, Rotterdam, provided that the base fee of US$ 1.00 per copy, plus US$0.10 per page is paid directly to Copyright Clearance Center, 27 Congress Street, Salem, MA 01970, USA. For those organizations that have been granted a photocopy license by CCC, a separate system of payment has been arranged. The fee code for users of the Transactional Reporting Service is: 90 5410 042 7/92 US$1.00 + US$0.10.

Published by

A.A.Balkema, P.O.Box 1675,3000 BR Rotterdam, Netherlands

A.A. Balkema Publishers, Old Post Road, Brookfield, VT 05036, USA

ISBN 13: 978-90-5410-0423

© 1992 A.A. Balkema, Rotterdam


Table of contents

Preface

1 Overview

Bridge engineering and aerodynamics

Klaus H.Ostenfeld & Allan Larsen

2 Wind

Aspects of the natural wind of relevance to large bridges

N.O.Jensen, J.Mann & L.Kristensen

Wind criteria for long span bridges

Henrik Overgaard Madsen & Peter Ostenfeld-Rosenthal

3 Aerodynamic aspects

Wind dynamics of long-span bridges

R.H.Scanlan

The improvement of aerodynamic performance

R.L.Wardlaw

Wind engineering of large bridges in Japan

M.Ito

4 Tools

Similitude and modelling in bridge aerodynamics

H.Tanaka

Section model tests

E.Hjorth-Hansen

Taut strip model tests

A.G. Davenport, J.P.C. King & G.L.Larose

Full aeroelastic model tests

P.A.Irwin

A new wide boundary layer wind tunnel at the Danish Maritime Institute

Leif Wagner Smitt & Michael Brinch

5 Application/design

The construction phase and its aerodynamic issues

Fabio Brancaleoni

Recent British developments: Windshielding of bridges for traffic

T.A.Wyatt

Examples of analytical aerodynamic investigations of long-span bridges

Holger S.Svensson & Imre Kovacs

Wind design and analysis for the Normandy Bridge

Michel Virlogeux

Akashi Kaikyo Bridge: Wind effects and full model wind tunnel tests

Toshio Miyata, Koichi Yokoyama, Masahiko Yasuda & Yuichi Hikami

The bi-stayed bridge concept: Overview of wind engineering problems

J.Muller

6 Great Belt experience

The fixed link across the Great Belt

Christian Tolstrup

Wind tunnel tests for the Great Belt link

Timothy A. Reinhold, Michael Brinch & Aage Damsgaard

Aerodynamic design of the Great Belt East Bridge

Allan Larsen & Arne S.Jacobsen

Simulation of marine traffic for assessment of bridge span

Jens Bay & Stig E. Sand

7 The future

Large bridges of the future

Niels J.Gimsing

Author index


Preface

As bridge spans get longer, lighter and more slender, aerodynamic loads become a matter for serious study. The very long spans currently under design and construction notably in Japan, France and Denmark have necessitated thorough investigations into the wind conditions at the bridge site and the aerodynamic performance of the bridge structures. Future bridges with ultra-long spans, partly built in new light weight materials, will further accentuate the need for a thorough aerodynamic understanding even at early planning and design stages.

Bridge Aerodynamics fall into a ‘grey zone’ between established fields of work associated with Civil Engineering, Mechanical Engineering and Meteorology. Hence most of the literature on the aerodynamics of bridges is scattered in periodicals and conference proceedings related to Structural Dynamics, Fluid Dynamics and Wind Engineering.

The 1992 International Symposium on Aerodynamics of Large Bridges – ISALB’92 – is arranged at the occasion of the extensive aerodynamic investigations carried out for the Great Belt East Bridge, a 1624 meter main span suspension bridge, currently under construction in Denmark. This very long span has warranted a wide range of analytical and experimental investigations, including testing of a full aeroelastic bridge model in a wide purpose built wind tunnel at the Danish Maritime Institute. The IS ALB’92 symposium brings together internationally recognized experts in Bridge Building, Meteorology and Wind Engineering to present state-of-the-art contributions within a common framework: The analysis and design of long span bridges for adequate aerodynamic performance.

The proceedings contain specially invited papers presented at seven plenary sessions held in Copenhagen, Denmark, 19–21 February 1992. An additional paper on the design and performance of the new wide wind tunnel inaugurated at this occasion is included for completeness. The sequence of the papers in the proceedings is based on the division into sessions during the symposium.

The proceedings are printed by direct offset from the individual authors’ original manuscripts. The editor is therefore not responsible for misprints or errors in the text. The opinions expressed are those of the authors and not necessarily those of the editor.

The editor and the organizers extend warm and sincere thanks to all authors and co-authors for their valuable contributions.

Also the editor and organizers convey appreciation to the COWIfoundation for ensuring financial support which allows wide publication of the proceedings.
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1 Overview


Bridge engineering and aerodynamics

Klaus H. Ostenfeld & Allan Larsen

COWI consult, Consulting Engineers and Planners A/S, Denmark

ABSTRACT: Aerodynamic performance of long span bridges is accentuated by the trends to span still wider straits and busy shipping lanes, safely and economically. The present paper outlines the salient aerodynamic features in present and future bridge design. The theoretical and experimental tools available to the designer are addressed. Research and development needs are identified in order to meet the aerodynamic challenges where costs, construction and maintenance will introduce new structural materials with improved strength/weight ratios. Such very light structures will be aerodynamically sensitive if special precautions are not taken. A computer controlled active stabilization system is outlined inspired by active control surface systems in advanced aircraft.

1    INTRODUCTION

The oldest form of bridge used for spanning land or water is probably pure suspension bridges. The earliest examples had cables consisting of jungle creepers or iron chains. This material was used in China already two hundred years BC.

The load was carried by the tension cables acting alone, and the flexible deck had to follow the curve of the cables although it did not always rest directly on them. The purpose of these bridges was to provide a pathway -and it was not always a safe one.

They were highly deformable as the pure tensional members had to deform from the catenary shape in order to carry imposed concentrated load. The much later introduced stiffening girder was an improvement. It stiffens the bridge and distributes concentrated loads along the cable by shear and moments.

The age of the fully developed suspended span with a horizontal traffic path began in the 19th Century. James Finley built some 40 bridges in the first decade. They were quite daring, prone as they were to destruction by relatively light loads – and winds.

For more than 150 years interaction between wind and structure was poorly understood in suspension bridge design. Many suspended spans were damaged or completely wrecked by storm winds. Notable examples recorded by eye witnesses are: Brighton Chain Pier (1836), Menai Straits (1839), Wheeling (1854) and Niagara-Clifton (1888) (Shirly-Smith 1964, Plowden 1974).

The awakening for aerodynamic investigations did not come until the very light and slender Tacoma Narrows Bridge was destroyed by a relatively low 20 m/s wind in 1940 (Farquahrson et. al. 1949).

It was probably the problem of dynamic instability and structure/wind interaction that caused most of the earlier wind-induced failures of suspension bridges as well.

2    DESIGN REQUIREMENTS AND WIND EFFECTS

The challenges for the designer are to develop bridge concepts with sufficient structural reliability and avoid e.g. excessive deformations, cracking, plastic deformation, and of course collapse.

Long service life requires a structure with minimum deterioration and wear: durability.

Likewise, the users require a high level of comfort: serviceability.

The society requires a low level of risk associated with operation of the bridge structures: third party risk.

The aerodynamic phenomena which must be considered with respect to the above criteria can roughly be categorized as follows:

–  Aerodynamic instability – statical divergence or flutter – which if allowed to develop, will destroy the bridge.

–  Buffeting, the forced movements caused by randomly fluctuating wind loads (turbulent) present at all wind speeds. Buffeting should be limited in order to obtain sufficient reliability and adequate comfort.

–  Vortex shedding, including forced vibrations induced in non streamlined objects like buff deck sections.

–  Rain induced vibration of cables, caused by change of aerodynamic properties from water flow along the cables.

–  Traffic comfort requires low acceleration levels for the structures and limitation of variations of lateral wind loads and wake turbulence on passing vehicles.

3    ELEMENT SHAPES AND CONFIGURATIONS

In long span cable supported bridges all the different structural elements contribute as an assembly to the overall aerodynamic performance. The stiffening girder generates normally the major part of the wind loading. For very long span bridges the towers, cables and equipment also contribute considerably to the overall aerodynamic behaviour of the structure.

3.1  Truss Girders

Historically most long span cable supported bridges have been built with truss girders in order to facilitate fabrication and erection, whereas little attention was paid to maintenance and aerodynamic performance. A notable exception to the latter is the design philosophy proposed by Roebling who suggested truss railings for stiffening the storm-wrecked Wheeling span reconstructed in 1855 (Plowden 1974). Roebling also devised deep timber trusses for the two level Niagara rail and road suspension bridge (1855) which, unlike other suspended spans at the Niagara, survived the frequent storms at this location (Shirly-Smith 1964).
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Fig. 3.1 Drag coefficient CD0for a truss section and a streamlined box section (Little Belt suspension bridge).

Trusses can be designed to exhibit sufficient torsional stiffness to safeguard the bridge against torsional flutter instability by introducing horizontal top and bottom windbracings and adopting a truss depth of 1:170 -1:120 of the span length.

The flutter resistance can be further enhanced by longitudinal open slots in the road deck, a well known feature from post World War II suspension bridges in North America and Japan.

The open lattice truss structure perpendicular to the wind also prevents periodic formation and shedding of large vortices in the wake of the truss with associated risk of resonant oscillation.

However, truss sections usually exhibit quite high wind forces (drag loading) which must be resisted by the bridge structure. This will have a relative effect on costs. As an example, figure 3.1 compares the drag coefficient CD0 at zero incidence measured for a truss and box design for the Little Belt bridge (Ostenfeld et. al. 1970). It is noted that the drag of the truss section is more than 3 times that of the streamlined box. The Little Belt bridge was one of the two first suspension bridges adopting the modern box girder design.

The high lateral wind loads for truss girders compared to streamlined box girders are usually only of relative minor importance for medium span classical suspension bridges. It is of fundamental importance in the design of long span cable-stayed bridges, particularly during the cantilever erection, and in the case of very long span suspension bridges.

Truss girders are commonly found to be 15% – 20% heavier than box girders designed for similar live load. Also maintenance is difficult, and costs are considerably higher.

Nevertheless, the truss girder still remains an alternative for future long span bridges -particularly from the point of view of aerodynamic stability. Further development would be useful to minimize structural dead load and drag loading. This may partly be accomplished by use of aerodynamically shaped (circular or – even better – elliptical) members.

3.2  Box Girders

The need for fast and efficient rebuilding of approximately 8500 bridges in post-war Germany called for the development of new design concepts and fabrication techniques. The box girder, originally introduced by Robert Stephenson in the 19th Century, was perfected into the thin-walled all-welded structural member commonly used today (Plowden 1974). Contrary to the traditional truss girder, the orthotropic steel deck in a contemporary box girder serves as an integral part of the structure. Substantial savings in weight are obtained, also in construction and maintenance costs, but aerodynamic problems persist. In particular during the erection phases when the girder lacks the final torsional stiffness, mass and continuity.

Aerodynamically the box section concept holds a promise to reduce the lateral wind loading in comparison with the truss girder, as demonstrated in figure 3.1, while maintaining the structural stiffness in torsion. A drawback is the tendency of the wind to form and shed vortices in the wake of the box because of insufficiently aerodynamical shaping of the downstream edge of the girder. In many instances this leads to small amplitude oscillations at low wind speeds. Vortex induced oscillations may not have immediate catastrophic consequences for the bridge structure itself, but are unacceptable to users, and may cause structural fatigue and wear in joints and bearings. Vortex shedding action can be reduced to an acceptable level by "streamlining" the box section, i.e. use of aerodynamic fairings – guide vanes – at the wind-ward and down-wind edges as used for the first time for the Little Belt bridge (Ostenfeld et. al. 1970). This method has also found its use as a retrofit measure i.e. in case of the Long’s Creek cable-stayed bridge (Wardlaw & Goettler 1968).

In bridge design a set of conflicting requirements becomes apparent in case of the box girder. A slender airfoil shaped bridge girder would produce minimum drag and efficiently prevent vortex shedding. Practical bridge decks with an upper surface suitable for traffic can only with difficulty be shaped with a sufficiently low thickness ratio to obtain minimum drag. Ideally, low thickness ratio (depth/width) should be combined with soft curvatures of panels extended thin trailing edge and rounded upstream nose (airfoil design). For real bridges the deck may be exposed to wind from both sides. Thus a box design, symmetrical about the vertical centre plane and featuring rounded off edges, is preferable. In this case, disadvantageous downstream flow may develop, but can be compensated/improved by introduction of guide vanes.

The aerodynamic instability of box girders is often found to be of the classical flutter type (2 Degree Of Freedom – 2 DOF – bending/torsion) also encountered in aeronautical engineering for the wings of aircraft. Flutter often becomes a governing factor in the design of very long span bridges, and it is conceivable to have catastrophic consequences for the bridge structure, if stability requirements are not observed as for the Tacoma bridge. The aerodynamic stability performance of cross sections may conveniently be compared to that of a flat plate section with identical width and dynamic properties. The critical wind speed Uf for the onset of flutter for a flat plate (which can be determined theoretically) becomes a suitable reference figure for evaluation of the flutter performance of actual bridge section designs. Figure 3.2 shows the critical wind speed relative to that of the flat plate, Uc/Uf, for three box section geometries investigated for the Little Belt suspension bridge (Ostenfeld et. al. 1970). It is observed that by gradually "streamlining" the rectangular box, i.e. by fitting of cantilevered decks or wedge shaped fairings successively, it is possible to more than double the critical wind speed of the proposed box section.
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Figure 3.2 Critical wind speeds for three box girder concepts suggested for the Little Belt suspension bridge.

Further enhancement of the critical wind speed Uc can be obtained by longitudinal ventilated slots as known from traditional truss girders. Figure 3.3 shows the critical wind speed relative to that of the flat plate, Uc/Uf for five girder sections intended for suspension bridges with main spans in the range of 2000 m – 3000 m. Two box sections for road bridges are shown along with proposals for two level combined box/truss sections designed for road and rail traffic. It is noted that longitudinal ventilated slots present a means to subdue aerodynamic instability of bridge girder cross sections. The penalty is increased drag – and construction costs.

Judging from figure 3.3 the slotted box section performs approximately 20% better (critical wind speed) than the conventional "streamlined" box. The actual increase in critical wind speed for a given bridge design is somewhat higher due to the increase of torsional stiffness and mass of the slotted box over that of the conventional design. This is illustrated in figure 3.4 which compares critical wind speeds of conventional 3 span suspension bridges with main span lengths from 2000 m – 5000 m based on the slotted and the conventional box girder concept. It is observed that the critical wind speeds obtained for the slotted box girder are enhanced by approximately 38%, but at the expense of a 36% increase in structural steel. The figure is based on smooth flow assumption. Turbulent flow conditions will generally reduce flutter speeds.
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Figure 3.3 Flutter performance of five girder sections proposed for 2000 m – 3000 m main span suspension bridges.

[image: Image]

Figure 3.4 Estimated critical wind speeds for 3 span suspension bridges based on conventional and slotted box girders. Side span/main span ratio = 1/3, cable sag ratio = 1/9. Traffic capacity: 4 lanes of road traffic.

Most box girders are built from flat trough stiffened panels in order to ensure adequate stiffness and minimize fabrication costs. Hence the cross sections will be polygonal straight lined trapezoids. Curved wind-ward and down-wind fairings will reduce the section drag (lateral wind loading), and the vortex shedding performance somewhat, but the critical wind speed is likely to remain virtually unaffected. This trend is demonstrated in figure 3.5 where drag coefficients at zero incidence CD0 for basic sharp edged and rounded-off two dimensional shapes are compared to drag coefficients obtained for the box sections proposed for the Normandie cable-stayed bridge under construction in France (Széchényi 1989). This is an excellent example of application of the "streamlining" process as mentioned earlier in this section.

The box girder possesses qualities which today makes it structurally and economically superior to the truss girder, but aerodynamically the box girder may encounter stability problems if applied to the extreme spans of the future. Research and development activities should thus focus on box girder concepts which alleviate the aerodynamic problems. A closed box version of the twin deck girder (Richardson 1988) may constitute one way to achieve this goal without increasing maintenance and fabrication costs dramatically. New active control systems may however be even more promising and economical as further presented in section 5.
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Figure 3.5 Influence of edge configuration on drag coefficients for simple two dimensional shapes and box girder sections proposed for the Normandie bridge.

3.3  Aerodynamic Appendages

The aerodynamic performance of trapezoidal bridge girders – often called "streamlined", but not really streamlined in a true aerodynamic sense – may be enhanced through application of various types of appendages which reduce flow separation and turbulent wake (similar to an airfoil stall). Such devices may include guide vanes, winglets or various types of wedge shaped or perforated edge fairings. Appendages may be applied as a retrofit measure in order to relieve adverse aerodynamic effects unforseen at the design stage, or incorporated in the original design.

An example of the latter approach is the guide vane developed for the Little Belt suspension bridge. It is situated at the outer edge of the roadway, see figure 3.6, and has two aerodynamic functions:

–  To avoid or reduce the formation of coherent large scale vortices in the wake of the girder due to the relatively abrupt change of surface angle, and thus eliminate vortex induced vibrations at low wind speeds.

–  To increase the aerodynamic damping in torsion and thus enhance the critical wind speed for onset of flutter.

This guide vane was not found strictly necessary for the 600 m span of the Little Belt bridge, but was adopted as an extra and inexpensive safety precaution. The guide vane has later found its use on a number of bridge girders. In the St. Nazaire cable-stayed bridge in France which is designed with a considerably more bluff box girder than the Little Belt bridge, the guide vanes were found necessary to improve flow conditions and reduce the vortex shedding oscillations to acceptable levels (Wardlaw 1971). Guide vanes are also reported to be incorporated in the design of the future Tsing Ma suspension bridge in Hong Kong (Simpson et. al. 1991).
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Figure 3.6 Guide vanes as incorporated in the Little Belt and St. Nazaire girder designs.

3.4  Wind Screens

Wind screens might be necessary for bridges at certain locations to protect light traffic from strong cross-winds. They may be designed as porous fences with a height similar to tall vehicles. Typical designs constitute shields composed of longitudinal or horizontal equispaced bars or of perforated plates with holes, see figure 3.7. Wind tunnel tests indicate that the shape of the openings is of minor importance for the efficiency of the screen. The porosity however, i.e. the ratio of openings to the total screen area, is of significant importance to the shelter provided and to the drag loading generated by the screens on the bridge.

Wind screens of small porosity, say 0.1 -0.2, provide very effective shelters characterized by mean wind speeds as low as 10% -25% of the onset wind speed. The penalty paid for low porosity screens is a very high drag loading which may amount to twice that of the bridge girder itself. Also low porosity will create separating turbulent flow behind the screen which will cause unfavourable fluctuating wind loads on vehicles travelling at a certain distance from the screen outside the directly sheltered zone. Wind screens of porosity 0.4 – 0.5 are more suitable for bridge design, because they offer a reasonable compromise between shelter efficiency (reduction in onset wind speed) in the range of 50% -75%, and the drag loading will equal that of a well designed box girder. Wind tunnel tests have shown that wind screens of 0.5 porosity can be arranged on "streamlined" box girders with little if any penalty to the aerodynamic stability. An appropriate air-gap must however be allowed for between the bottom member of the screen and the deck to ensure undisturbed flow (Ostenfeld 1989).
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Figure 3.7 Wind screens of bar and perforated plate design suggested for a 1624 m main span suspension bridge.

3.5  Cables

Wire cables constitute an important load carrying element in both suspension and cable-stayed long span bridges.

Main cables in suspension bridges have never been reported to cause aerodynamic problems for the bridge in service, but their drag loading must be assessed during design and incorporated in the overall wind loading on the bridge. Dynamic actions, such as vortex shedding oscillations or galloping under icedup conditions, are not possible due to the fixation of the cable by the stiffening girder via the multiple hangers.

During erection of main cables using the air-spinning method, thin steel wires are pulled across the span from anchorage to anchorage via the tower tops. This procedure is sensitive to wind conditions, and on windy days work has to be stopped.

The use of prefabricated parallel wire strands, e.g. hexagonal bundles of 127 single wires as the building block of main cables, decreases the wind sensitivity of the cable erection process, but current cable technology only allows this method to be used in suspension bridges of main spans up to approximately 2000 m (Akashi bridge, Japan).

Long hangers are slender and relatively light and often characterized by very low structural damping. The mechanical properties in connection with the circular or hexagonal cross sections promote vortex shedding oscillations which are self-limiting in nature, but may be objectionable from a psychological point of view.

Vibration phenomena in stay cables and hangers are often remedied by interconnecting the individual stay- or hanger cables by auxiliary ropes of wires at non-equidistant points -thereby efficiently preventing higher mode vibrations. This strategy has been adopted for the Farø cable-stayed bridge in Denmark (Langsø & Larsen 1987) and also for the 856 m main span world record Normandie cable-stayed bridge under construction in France (Virlogeux 1991). Other possibilities are the introduction of dashpot dampers (shock absorbers) between elements with relative movements, or fitting of Stockbridge units (tuned mass dampers) to the cables, see figure 3.8. Dashpot damping elements between deck and stay cables were provided on the Brotonne bridge and later on the Sunshine Skyway Bridge in Florida. Stockbridge dampers are mounted on the long hangers of the Humber suspension bridge.
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Figure 3.8 Design measures for suppression of cable vibrations.

Long cables of circular or nearly circular cross sections are not prone to galloping oscillations, but if the external form is altered e.g. by ice accumulation or water adhering to the surface, galloping becomes a risk. Galloping grows without limits at increasing wind speeds until failure or violent motions are counteracted by nonlinear energy absorbing effects. The large amplitude oscillations thus produced may be harmful to the bridge structure and are certainly objectionable from a psychological point of view. Again dampers and auxiliary ropes may be of use, but more effective means are to remove the cause of the evil, i.e. prevent building of ice and formation of rain water rivulets on the cables.

Recent research in Japan has identified various cable surface appendages as possible means to suppress cable galloping due to formation of rain water rivulets (Matsumoto 1989). Axial grooves, helical strakes and semicircular fins, see figure 3.9, are reported to accomplish the task with various degrees of success. However, they increase the risk of ice accumulation and add to the aerodynamic drag loading to be resisted by the bridge structure. Reduction of the adhesion between water or ice and the cable surface is another method which is attractive from a designer’s point of view.
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Figure 3.9 Design measures for elimination of the formation of rain rivulets on cable stays.

3.6  Towers

Most towers for long span bridges are slender and flexible structures. They remain relatively insensitive to wind vibrations, when elastically supported by the main- or stay cables at saddle levels. During construction, however, it is necessary to consider the aerodynamic performance of the completed tower in a freestanding or pulled back position.

The aerodynamic performance of bridge towers is influenced by the structural properties and external shape. Steel towers are often built as mono- or multi-cellular thin-walled boxes in order to achieve high strength and rigidity at a minimum cost. Thus structural weight is limited. By contrast, concrete towers are commonly built as thick-walled reinforced structures leading to structural weights of approximately 6–7 times that of steel towers. The weight combined with increased damping relative to steel alleviates potential aerodynamic instability problems and greatly reduces the need for temporary measures. This effect is demonstrated in principle in the aerodynamic stability diagram, figure 3.10, which identifies typical values of the structural mass/damping parameter 2mδs/ρd2 for steel and concrete towers relative to the stability boundaries for vortex shedding excitation and galloping of rectangular sections. Galloping of concrete towers could theoretically occur at high wind speeds, but the galloping wind speeds are considerably lower for steel towers. Important practical examples of aerodynamic instabilities of steel towers are the vortex shedding oscillations encountered in the free standing towers of the Firth of Forth suspension bridge (Walshe 1972) and the destruction by galloping of a hexagonal cross section pylon of the cable-stayed Lodemann Briicke (Mahrenholtz & Bardowicks 1979).

Steel towers are often resorted to in earthquake regions and/or in cases where speedy erection justify an additional cost of approximately 30%-50% above concrete towers. The designer of slender steel structures must be prepared to specify temporary measures such as friction-, tuned mass, or sloshing dampers. Corner cuts, chamfers, rounded edges or guide vanes may also be introduced to the rectangular cross sections of the tower legs in order to reduce vortex shedding excitation. Such measures are a complication and could be in conflict with aesthetic requirements.
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Figure 3.10 Aerodynamic stability diagram for square sections identifying typical relative values of the mass/damping parameter for steel and concrete towers.

4    STRUCTURAL SYSTEMS

The key structural parameters affecting the aerodynamic performance of long span cable supported bridges are mass and stiffness properties, and to some extent, the structural damping of the bridge.

Basic considerations reveal that buffeting response to turbulent wind and vortex shedding excitation response decreases with increasing structural mass density, and the critical wind speed for onset of flutter increases. Very heavy bridge structures, such as the George Washington and Verrazano Narrows suspension bridges are rarely plagued by aerodynamic problems, but control of the aerodynamic performance by means of mass is hardly acceptable from an economic point of view. The designer’s challenge is to save material (structural weight) and still maintain a suitably stiff structural system that will keep buffeting- and vortex shedding response within acceptable limits and ensure a sufficiently high critical wind speed. New lighter materials will accentuate this need.

4.1  Girders

The torsional stiffness of a classical suspension bridge derives from the cable system and the stiffening girder. For bridges accommodating 4–6 lanes of vehicle traffic and spanning up to about 1000 m, shallow box girders are usually found to possess adequate torsional stiffness to comply with common requirements for aerodynamic stability. In case of spans in the range of 1000 m – 2000 m, it may be necessary to consider special measures to obtain sufficient torsional girder stiffness.

If the girder width is fixed, the torsional stiffness may be enhanced either by increasing the thickness of the shell plating, or more effectively, by increasing the depth of the box. The first possibility leads to a higher steel quality which makes the second solution preferable from an economical point of view. However, this design philosophy produces bluff sections which may suffer degradation of the aerodynamic performance relative to a shallow "streamlined" design. In particular, attention must be given to vortex induced oscillations at low wind speeds. In this context it is interesting to note that an increase of the depth of the girder was proposed as a measure for enhancing the aerodynamic stability of the box girder alternative for the 1990 m main span Akashi suspension bridge in Japan. Wind tunnel tests reveal that satisfactory aerodynamic stability is ensured (Fujino et. al. 1988), but the vortex shedding performance at low wind speeds is not reported.

By way of comparison truss girders can be designed to any particular depth and thus torsional stiffness without encountering vortex shedding problems, as demonstrated in the Mackinac bridge. The penalty is an increase of the lateral wind loading on the bridge and possibly in addition an unacceptable raise in maintenance costs.

4.2  Suspension Systems – Cables and Towers

The stiffness of the main cable system in classical suspension bridges can be enhanced in a number of ways leading to higher torsional stiffness and improved aerodynamic performance (Astiz & Andersen 1990).

Probably the oldest modification is the introduction of auxiliary stay cables radiating from the tower tops as devised by Roebling for the Brooklyn bridge. Aerodynamic performance was not of primary concern in that case, but Roebling’s idea was adopted in the Bronx-Whitestone suspension bridge when fitted with auxiliary cable stays upon completion. The objective was to suppress annoying vortex shedding oscillations developing in moderate to high winds (Plowden 1974). The system is an efficient torsional stiffening device if applied to bridges with rigid tower structures or alternatively, if the cables are anchored near the centre line in case of bridges with flexible towers. Incompatibility between behaviour and deformation of suspension and cable stay systems can also cause problems.
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Figure 4.1 Alternative suspension systems for very long span bridges and their relative aerodynamic stability performance.

Another system devised for enhancement of aerodynamic performance is the lateral-stay or "crossed hanger" system applied as a retrofit measure e.g. in the Deer-Isle suspension bridge (Bosch 1987). Crossed hangers increase the torsional stiffness of suspension bridges as they counteract "in-phase" movement of main cables and girder edges at the cable planes. Crossed hangers require that the main cables are mutually fixed in the lateral direction, i.e. by introduction of compression members between the main cables.

In the above mentioned systems the main cables are situated at the outer edges of the girder and thus contribute significantly to the torsional inertia of the total system. By moving the main cables to the centre line of the bridge, torsional inertia is decreased and higher dynamic stiffness is a result.

The mono-duo cable concept, where main cables are close together near the pylons and separate towards girder edges at 1/3 or 1/4 span points, allows for a combination of low torsional inertia with desirable deflection characteristics. The aerodynamic stability of a long span mono-duo cable bridge is thus similar to that of a classical suspension bridge of considerably shorter main span.

Classical 3 span suspension bridges are, for economical reasons, often built with flexible towers which results in substantial dynamic interaction between main span and side spans. This interaction may be reduced considerably by torsionally stiff A-frame towers which approach the aerodynamic performance of the 3 span bridge to that of a 1 span suspension bridge of equal main span length.

The different suspension systems outlined above and their aerodynamic stability performance relative to that of a classical 3 span suspension bridge with side span/main span ratio of 1/3 are illustrated in figure 4.1.

4.3  A Design Example

Ultra-long span suspension bridges must be designed to possess adequate aerodynamic stability, and further, the horizontal wind loading should be minimized in order to avoid large horizontal deflections of the bridge girder. A possible solution that combines these features is outlined below.

The discussion of cable systems given above has emphasized that the mono-duo cable concept in combination with stiff A-frame towers enhances the flutter speed significant ly. Taking this concept to its extreme by allowing the main cables to be positioned close together along the entire span, i.e. 1–2 cable diameters apart, ensures a cable system with high torsional stiffness but relatively little torsional inertia. A combination of this cable system with a closed elliptical steel sandwich deck as proposed for the Gibraltar crossing (Astiz & Andersen 1990), will lead to a high torsional stiffness of the bridge ensuring to high flutter wind speeds. The closed elliptical cross section has also the advantage that the drag loading may be reduced to approximately 30% of the drag loading of a conventional "streamlined" deck section of equal width. In addition, traffic will be completely sheltered to high winds.

[image: Image]

Figure 4.2 Elliptical cross section and cable configuration envisaged for ultra-long span suspension bridge.

The closely spaced main cables will exert relatively small twisting force couples on the tower tops as compared to a classical suspension bridge. The configuration thus eliminates strong dynamic torsional coupling between main span and side span girders. The particular bridge configuration, which is envisaged for main spans in the 3500 – 5000 m range is illustrated in figures 4.2 and 4.3.

5    SYSTEM CONTROL

Under extreme conditions and for very long spans it may be necessary to provide special facilities or to prescribe specific operational procedures in order to ensure satisfactory performance of the bridge under all conceivable weather conditions.

5.1  Damping

If properly arranged, damping will reduce the amplitudes of the wind response due to buffeting and vortex shedding and furthermore enhance the critical wind speed for onset of aerodynamic instability.

Application of structural materials with a high internal structural damping is the most direct way to introduce damping, but not practical. Discrete damping elements can also be used. Dashpots and damping elements based on friction or viscoelastic materials may be arranged between elements with relative mutual displacements, or between the structure and fixed points at ground level.
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Figure 4.3 Elevation of ultra-long span suspension bridge indicating areas of central and edge attachment of hangers.

Viscoelastic damping elements are, to our knowledge, not yet applied in bridges, but have been built into several high rise buildings e.g. in a large quantity in the World Trade Centre to increase the structural damping (Mahmoodi et. al. 1987).

Tuned mass dampers are widely used in girders and towers for damping of global vibrations. Tuning to critical oscillation frequencies is effectuated by proper combination of masses, spring elements and dashpots (Malhorta & Wieland 1987). Liquid column dampers have been proposed for damping of steel towers during construction, but this damper type may also have a potential for application in permanent bridge structures (Sakai et. al. 1991).

5.2  Deployment of Eccentric Mass

Additional masses placed eccentrically windward of the centre-line inside or on the bridge girder, will increase the critical wind speed for onset of flutter. The principle is well known in aeronautical engineering and is used for stabilization of control surfaces of aircraft. Basic considerations reveal that eccentric mass deployment is most effective for systems where the natural frequencies for vertical- and torsional oscillations are relatively close. Hence this method is particularly suitable for enhancement of the aerodynamic stability of suspension bridges under construction.

If placed inside bridge girders and movable in transverse direction, eccentric masses constitute a possible means of improving the aerodynamic stability of very long span bridges in service. This concept requires automatic systems to monitor wind conditions and to initiate positioning of the masses to predetermined positions in due time. A devise combining the eccentric mass concept and a liquid column damper could be envisaged being somewhat similar to roll-damping tanks found in ships.
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Figure 5.1 Potential enhancement of aerodynamic stability through actively controlled control surfaces.

5.3  Active Control Systems

The damping concepts presented above have the common characteristic with exception of the moving mass that they are passive and rely on relatively simple mechanical concepts. Hence the performance can be made so reliable that not only the comfort may be enhanced by the damping effect, but even the structural reliability may rely on some of the concepts e.g. stationary winglets (Ragget 1987).

In high rise buildings tuned mass dampers are applied to control wind induced oscillations and to assure the comfort of the occupants. Contemporary systems do not entirely rely on passive elements, but also comprise computer controlled servo-hydraulic actuators to emulate a Den-Hartog tuned damper. However, only serviceability aspects are enhanced by these elements. The structural reliability of the system depends solely on the structure itself.

[image: Image]

Figure 5.2 Suggestions for implimentation of Active Control Surface Systems in streamlined bridgegirders.

Research is dealing with actively controlled tendons aiming to reduce e.g. bridge deflections or sway motion of high rise buildings. Active control is applied in advanced aircraft for suppression of aerodynamic instability. The mechanism involves actively controlled surfaces acting with a prescribed amplitude and phase-lag relative to the main surfaces (wings, flaps or ailerons) on which they exert control. Such control surfaces are operated via hydraulics governed by a computerized feed-back loop which responds to sensors attached to the main surfaces.

A preliminary theoretical study conducted by COWIconsult has explored the potential of actively controlled surfaces for enhancement of the flutter instability of long span cable supported bridges. The system is based on the idea of constantly monitoring movements of the deck and use of control surface movements to generate stabilizing aerodynamic stabilizing forces (lift) counteracting any tendency to movement. An excerpt of the study is presented in figure 5.1, which displays the potential increase in critical wind speed to be obtained by fitting actively controlled surfaces to a "streamlined" box section. The cordlength of the control surfaces corresponds to 10% of the deck section width. The control surfaces are assumed to be situated up-stream and down-stream of the deck, and the pitch of the leading and trailing control surfaces is controlled to be of opposite phase. It is observed that the critical wind speed may be enhanced by 50% or more, relative to that of the flat plate Uc/Uf, provided the actuator function amplitude and phase of the control surface pitch is appropriately chosen.

An active control system has been conceived by the authors to be applied for very long span bridges, where adequate flutter stability or possibly static divergence stability is difficult to attain.

The concept is based on application of actively governed control surfaces installed in front and behind the leading/trailing edges of an aerodynamically smooth girder. It is of course necessary that the control surfaces are located outside the turbulent boundary layer and as far away from the local flow pattern around the bridge girder as practical to be effective.

Therefore it is also essential that the girder does not create wake turbulence/vortices which will decrease the efficiency of the trailing edge control surface.

The principle is attractive because the aerodynamic forces acting on the control surfaces will increase proportionally to the wind speed squared, and thus proportional to forces acting on the box girder.

A location in front/behind the girder edges and below the bottom cord is preferred in cases with undisturbed flow along the smooth bottom of the girder, see figure 5.2.

Standardized control surfaces fabricated as symmetrical airfoils of a simple polyurethane foamed stainless steel sheeted sandwich can be supported at 5–10 m distances by aerodynamically shaped pylons.

Control rods located inside the pylons and activated by hydraulic cylinders with short rise time will govern the control surfaces.

The hydraulic cylinders are activated by means of computer controlled servo pumps. The computer operates on the basis of signals from accelerometers located in the box.

The computer operates the servo in accordance with a service function developed on the basis of mathematical modelling and wind tunnel tests.

Adequate system reliability will – as in aircraft – be accomplished by sectionizing and duplication or triplication of parallel independent systems with independent power supplies.

All members of the box/control surface assembly are shaped for minimum drag loads thereby minimizing lateral displacement of the girder and overall wind resistance on the bridge.

The control surfaces, which most of all resemble so-called all-flying elevators on aircraft, will be efficient for both torsion and bending (vertical) movements with their very efficient long moment arm relative to the centre line. The computer will guide relative movements of leading and trailing edge control surfaces as well as the various control surfaces along any edge in an out of phase motion in order to efficiently counteract (stabilize) any relevant movement of the girder.

The system, which is patent pending, will be further developed and tested for practical application.
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Figure 5.3 Flutter behaviour of bridge girder with open railings and railings blocked by snow accumulation.

Actively controlled systems are envisaged in the future as common elements in wind sensitive bridges to enhance the comfort of the users and to reduce fatigue damage.

5.4  Winter Conditions

Accumulation of ice on cables can modify their aerodynamic shape to such a degree that oscillations from wind may occur as elaborated in section 3.5. Furthermore, falling ice sheets constitute a risk to users. To our knowledge, deicing systems, common to aircraft, have not yet been used on a bridge. Future suspension bridges in areas where ice accumulation is common may be envisaged with similar systems. This is partly necessary for leading edges and in case of active control systems.

If snow ploughs leave barriers along the railings it will disturb a smooth air flow past the railing elements and girder edges. A severe reduction of the aerodynamic stability properties of bridge girders has been documented in wind tunnel tests with section models (Damsgaard et. al. 1990) as demonstrated in figure 5.2. Although snow removal is not normally a remedy to be included in the structural design, it can be an absolutely necessary precaution in order to obtain a reliable structure under all circumstances.

If sloping areas on bridge girders are prone to snow accumulation, special surface treatments or installation of deicing heating elements may relieve the snow accumulation problem.

6    MATERIAL SELECTION

During the 20th Century, the main cables for suspension bridges have been steel wires with a tensile strength higher than 1450 Mpa. The first bridge with cables of such a high strength was the Williamsburg bridge (1903).

Already in 1909 the tensile strength was improved to 1500 Mpa for the Manhattan bridge. Since then, only small increases have been made, and today wires with a tensile strength of 1800 Mpa have been adopted for the Akashi bridge in Japan.

As span lengths for suspension bridges are increasing, new materials with improved specific strength (ratio between strength and density) for cables become of interest. Composite materials from carbon fibres embedded in a plastic matrix hold promise for the future – in particular if mass production can lower prices.

In the aerospace industry these new materials are widely used for structure components, but also bridge engineers have recognised the perspectives in relation to suspension bridge cables.

The three most interesting and relevant types of fibres are carbon and aramid.

Fibres may either be laid out continuous in the direction of principal stress, or chopped into short lengths and laid in a random fashion, depending on the need for isotropic or anisotropic behaviour. In the manufacturing process, fibres can be placed as either continuous rovings or in mat form where layers of rovings can be built up in different directions, either stitched of woven together. Three-dimensional reinforcement is available as well, giving assured through-thickness properties.

6.1  Design Examples

The outer diameter of cable stays may be reduced through new materials. As an example, Carbon Fibre Reinforced Polyester, CFRP, with tensile strength of 3300 MPa and density of 1.56 kg/m (Meier 1991), may reduce the external diameter by theoretically 35% compared to steel cables, and still maintain the vertical load carrying capacity. For a large cable-stayed bridge it will typically lead to a 15%-20% reduction in the lateral wind loading. Lateral wind loading and structural weight decrease. The susceptibility of cables to vortex shedding oscillations increases considerably as shown in the stability diagram, figure 6.1. It is observed that the mass/damping parameter 2mδs/ρd2 for CFRP cables is only about 20% of that of steel cables.
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Figure 6.1 Stability diagram for vortex shedding excitation of circular cylinders indicating typical mass/damping parameters for steel and CFRP cables.

According to figure 6.2 suppression of vortex shedding oscillations in steel cables may be effectuated by a modest increase in the logarithmic decrement of structural damping. This may be accomplished by external dampers mounted at the cable base. CFRP cables will, in contrast, require substantially more external damping in order to eliminate the risk for vortex shedding oscillations.

CFRP is attractive for main cables in very long span suspension bridges because the high tensile strength to weight ratio allows considerably higher payload/unit mass of cable than steel does. Designing for maximum allowable stresses in main cables (1700/2.2 MPa for steel and 3300/2.8 MPa for CFRP) leads to lighter and more flexible superstructures. Assuming a classical 3 span suspension bridge with CFRP main cables, the critical wind speed for onset of flutter decreases about 10% relative to that of the all steel superstructure.

If CFRP main cables are designed for maximum allowable stress it would probably lead to suspended structures with unacceptably high flexibility due to the decrease in main cable area and further, because the E-modulus for CFRP is slightly lower than that of cable steel (165000 Mpa for CFRP versus 205000 Mpa for steel). Large deflections can be controlled by increasing the cable area. Adopting as design criterion that deflections must remain unchanged, leads to a 50% increase of the cable area of the CFRP design over the steel design, but this would of cause not be economical. As a result critical wind speeds for onset of flutter are enhanced by 10%-15% over the all steel design, depending on the main span length. Figure 6.2 displays the critical wind speed estimated for a classical 3 span suspension bridge as function of main span length. The steel cables and the CFRP cables are designed for the maximum allowable stress and the unchanged deflection criterion. A conventional "streamlined" box girder section as shown in figure 3.3 is assumed.
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Figure 6.2 Estimated critical wind speeds for classical 3 span suspension bridges equipped with steel and CFRP main cables. Conventional box section accommodating 4 lanes for road traffic.

The buffeting response in torsion of the steel and CFRP designs remains almost of the same magnitude with a slight tendency to decrease for the CFRP cable design. An effect attributed to the fact that lower structural masses in the CFRP designs are almost balanced by an increase in the natural frequencies of the system. For vertical motions the buffeting response is almost doubled for the CFRP design relative to the all steel suspension bridge.

The current cost ratio of material cost/unit weight of approximately 36 for CFRP compared to steel cables (Meier 1991) indicates a break-even point beyond the 5000 m main span length for the present example, provided the maximum allowable stress design philosophy applies. Also more fundamental structural and aerodynamic problems have to be solved in order to achieve the necessary level of safety, before CFRP cables are used in classical suspension bridges for road traffic.

7    PROBABILISTIC METHODS

Stochastic models of the wind field have now been applied for decades in wind engineering to estimate the wind response of structures. But the uncertainty of other important parameters, e.g. damping and masses, has not been treated with a similar stringency.

Contemporary probabilistic reliability methods provide the necessary tools to include such uncertainties in complete analyses of the probability of limit state exceedance – serviceability, ultimate or others. The methods have been used to establish design criteria for aerodynamic stability of suspension bridges on a rational basis (Ostenfeld-Rosentahl et. al, 1991). Reliability of towers against failure due to buffeting loads has also been treated by the methods, and it is expected that other wind phenomena will be analyzed routinely in the future.

At a first glance it may seem to be of minor importance to apply probabilistic methods, but as the methods provide the designer with quantified assessments of the reliability against failure, it is possible to compare the threat to the structure from the various causes of failure due to wind. Similar analyses of other failure mechanisms finally enable the designer to make a rational assignment of risk to the various failure mechanisms – depending on the consequences – and make a backward calculation to establish design criteria. In this process even accidental events may be included.

In future wind engineering analyses it is envisaged that stochastic models of structural parameters will be necessary. This development is expected to influence the experimental approaches used in wind engineering laboratories.

8    TOOLS IN AERODYNAMIC DESIGN OF LONG SPAN BRIDGES.

The development of tools for aerodynamic design of long span bridges started with the investigation into the collapse of the first Tacoma Narrows suspension bridge and the efforts to design an aerodynamically stable replacement bridge. The now classical experimental investigations, headed by Farquharson at the University of Washington (Farquharson 1949–1954), began with the development of procedures for wind tunnel testing of full aeroelastic bridge models. Later Farquharson’s investigations lead to the section model concept, the work-horse in most aerodynamic bridge design to this day. The basic goal of section model testing remains unchanged, i.e. identification of aerodynamic stability, vortex shedding performance and measurement of steady-state wind load coefficients for candidate girder configurations. The methods have changed with the advent of computer based data acquisition and analysis. Today’s section model tests are commonly supplemented by buffeting measurements in simulated turbulent flows and extraction of aerodynamic derivatives. Altogether highly useful studies to be used in conjunction with analytical assessment of equivalent static buffeting loads and aerodynamic stability during different mass- and stiffness conditions to be encountered during erection.

Wind tunnel testing of full aeroelastic bridge models has seen a revival with the number of record breaking spans currently under design and construction. In contrast to Farquharson’s pioneering tests, which were conducted in smooth flow and beam winds, contemporary tests are performed in simulated atmospheric boundary layer flows, and if required, under skew winds. Testing of full aeroelasic bridge models is expensive and time consuming, hence this method is mainly resorted to as a means of verifying extrapolations of proven designs.

Development of analytical tools for analysis of the aerodynamic performance of long span bridges was also sparked of by the Tacoma Narrows incident and proceeded in parallel with the experimental investigations. Bleich advanced second order linearized deflection theory for calculation of vibration characteristics of suspension bridges and adapted Theodorsen’s unsteady thin airfoil theory to the calculation of critical wind speeds of suspended bridge decks (Farquharson 1949–1954). The Theodorsen theory is still proving useful as a first estimate for the critical wind speed of “streamlined” box sections, although computer based routines are preferred to look-up tables or graphical methods.

Later developments of analytical methods involved the adaptation of linear stochastic response methods used in the aerospace industry for calculation of buffeting response of bridges to turbulent winds. These methods, often referred to as linear buffeting theory, are now used on a routine basis for analytical assessment of equivalent static buffeting loads and responses in connection with verification of structural adequacy. More recently computer simulation of turbulent wind loads has found applications in bridge design and is used in connection with response analysis of non-linear bridge configurations in the time domain.

Analysis of bridge structures saw major developments with the advent of Finite Element Methods. The need for structural dynamic model testing is now almost entirely eliminated, and "hand turned" analytical methods are only used in very preliminary design studies. Similar developments are dawning for the analysis of the aerodynamic performance of bridge elements. Comprehensive fluid dynamic codes based on Finite Volume or Finite Element formulations of the Navier-Stokes equations are commercially available, and bluff body aerodynamics are receiving attention by researchers in the field of computational fluid dynamics.

These trends promise a new area in bridge aerodynamics, where the designer is allowed to run "numerical" experiments and weed out inefficient configurations before turning to the wind tunnel for verification. This strategy is currently adapted in the aerospace industry, i.e. for evaluation of air intakes and high lift devices such as multi-element slats and flaps. In the automotive industry computational fluid dynamics are applied in the aerodynamic design of car bodies, and for evaluation of internal flow and heat transfer in reciprocating engines.

A quotation by David B. Steinmann, the legendary American bridge designer, states that "The modern bridge engineer has to be an artist and a poet as well as a mathematician, scientist, financier and contractor" – an appropriate summary of the present journey through elements of past and present engineering of long span bridges. With the challenge to accomplish clear spans of 3000 m and beyond, we may include yet another profession – that of the aerodynamicist.
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2 Wind


Aspects of the natural wind of relevance to large bridges

N.O. Jensen, J. Mann & L. Kristensen

Risø National Laboratory, Roskilde, Denmark

ABSTRACT: After a short introduction to the subject, we discuss the strength of mean winds and how these are influenced by geographical location, terrain roughness, and local topography. Next we discuss certain aspects of the turbulent structure of strong winds in the atmospheric boundary layer. In section 4 we elaborate on one point gust statistics, and in section 5 we review some new developments on lateral spectral coherence.

1    VALUES OF DESIGN WINDS IN DENMARK

The climatology of winds at particular stations in Denmark reaches back to 1870 with observations from the lighthouses. If one wants to go further back there are naval ship logs available. The observations were made in an ever changing Beaufort system which makes it difficult to detect a possible change in the wind climate. However, Kristensen and Frydendahl (1991) find that the frequency of winds above strength 9 (about 20 m/s) has decreased from 2 per cent of the time around 1880 to about 0.5 per cent 100 years later.

Good instrumental records are much more recent. In Denmark measurements at elevated heights began in 1957 with the erection of the 125-m Risø tower. The advantage of these measurements are that they are less local than ordinary observations (see below). Another high tower was erected in 1977 on the island of Sprogø in the Great Belt. An overview of the climate at this station is given by Jensen et al. (1988). Thus, it was possible to come up with particularly refined estimates of strong winds for the present design phase of the bridge over this strait.

When applying wind climatologies from one site to estimate local winds at another site of interest, one has to pay attention to the surface roughness of the terrain, the variations of this parameter and the ensuing internal boundary layers (Jensen, 1978; Sempreviva et al., 1990), local shelter and the underlying topography. The latter is particularly important at heights of observation that are lower than the length scale of the terrain undulations. Large local amplifications occur at hill tops and crests. The Wind Analysis and Prediction model (WASP) (Troen and Petersen 1989) is a careful destillation of current knowledge of all these effects.

The case of the Great Belt bridge benefited from this. The Sprogø series was relevant (on location) but slightly too short to extrapolate to an extreme wind. Using WASP, overlap with the Risø series was demonstrated and support of over 30 years of instrumental records could be added.

The highest 10-min average wind speed measured at Sprogø (70 m height) is 29.07 m/s, while the largest 10-min average wind speed in the history of the Risø tower is estimated to 33 m/s (Jensen and Nielsen, 1989). The 50-year return wind (the 10-min mean wind speed which on the average will be exceeded once in a 50-year period) was estimated to 32 m/s at 70 m above the Great Belt (Jensen and Nielsen, 1989). This was done in the standard way (Cook, 1985) by plotting ranked extreme events versus the double log of their relevant probabilities and fit a straight line. This then gives the speed which on the average is exceed once in the period T considered (∽ 29.3 m/s in Fig. 1).
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Figure 1 Sprogø, monthly extremes irrespective of direction. P is given by P = m/(N / 1) where N is the size of the sample, in this case 30 and m is an ordering number of the ranked events (for the largest event m = N). The points are seen to follow a straight line pretty well. The line shown has the regression u = αx + β where α = 1.69 and β = 23.50. (From Jensen and Nielsen, 1989).

The double exponential form of the accumulated probability function implies that for large (and rare) events, the pdf itself is an exponential, p ≈ exp(–x). For such processes it can be shown that the average number of exceedances per unit time η of a certain speed u is proportional to p(u) (see section 4). This can be used to extrapolate the above to another ‘return period’ T. Thus, for one exceedance on the average T ˙ η is constant:

T1e−xl=T2e−x2(u=αx+β)

or

u2=u1+α  In  T2T1

where α is the slope of the regression line (see Fig. 1). Approximately the same results are obtained whether the events are selected as individual storms or just selected as monthly extremes – or whether the fitting is done on the velocity u itself or the pressure (u2). A refined estimate by Abild and Nielsen (1991) gives 34 m/s. An ad hoc correction for tower shadow effect raises this estimate to 37 m/s, still less than the Danish wind code which gives 41 m/s in these conditions.

2    EXTRATROPICAL CYCLONES

New observational methods, especially satellite imagery, have led to a better appreciation of the organized fine structure of synoptic weather patterns. Specifically, this includes the extratropical cyclone where these developments have led to refinements of the classic model of the Bergen School for cyclone development at the polar front. In addition to the classic picture of an instability on a sharp polar front, another possible route of development can take place in a broader but highly baroclinic zone. In the latter case a deeper layer of the troposphere is involved; sharp fronts at the surface appear rather late in the entire development (Shapiro and Keyser, 1990). This has led to the name explosive low-pressure systems. An arbitrary definition by Sanders and Gyakum (1980) says that you have an explosive low-pressure system under development if its strenght is more than 1 Bergeron defined as 1 hPa per hour (at 60° latitude). A significant signature of these systems is that the warm front bends back over and behind the cold front which gives rise to a ‘third’ frontal passage in each cyclone system. Such a situation is documented by Nielsen (1991) in a detailed analysis of a storm passage over the Faroe Islands in September 1990. By far the highest winds during this passage were associated with the ‘bend-back’ warm front. In future analyses it will be interesting to see if this is a general feature.

A preliminary estimate, using the all too short record of three years and the method described above which we know is not permissible, nevertheless gives a 50-year return wind speed of 33 m/s (10-min average value 10 m above even ground with a roughness of about 5 cm) for a station called Glyvursnes. Glyvursnes is estimated to be fairly unaffected by the topography of these islands in the North Atlantic. The largest 10-min average value measured so far is 58.1 m/s gusting up to 76.7 m/s (2-sec value), measured on 22 December 1988. At this point the 10 m lattice tower carrying the instruments was bent over. The station is placed in a pass called Nordradalsskard. In the culmination of the storm the 10-min average speed at Glyvursnes was 39.2 m/s, so this storm was clearly much stronger than the rest of the ensemble recorded so far.

3    TYPHOONS AND HURRICANES

Georgiou et al. (1983) refer to the following definitions established by the National Hurricane Center, Florida given in table 1.

Table 1 Classification of meteorological systems. Vms is defined as the maximum sustained (one-min) surface (10 m) wind speed.



	Tropical Cyclone:

	A non-frontal low pressure synoptic-scale system developing over tropical or sub-tropical waters having definite organized circulation -subdivided in terms of intensity into -




	Tropical Depression:

	Vms < 33 knots




	Tropical Storm:

	33 knots ≤ Vms ≤ 64 knots




	Hurricane:

	Vms > 64 knots





From this a wind phenomenon localized to tropical seas or sea shores is signified as a hurricane if the maximum one-min average wind speed (at 10-m height) has exceeded 32 m/s during the lifte-time of the storm.

For our temperate latitudes (Denmark) this is not a particularly strong wind. The largest one-min value during a period of several hours would typically be 10–15 per cent larger than a typical 10-min average (see the next section).

The picture is confirmed by the 20 years of typhoon statistics carried out in the Hongkong area (Choi, 1983). Some of the observations reported here are from Waglan Island, a station situated on top of a small island far off the southeastern coast of Hongkong. The island is of the order of 300 m in width and reaches 58 m above sea level. The anemometer is 75 m above sea level (i.e. at a height of 17 m above ground). All of the observed wind speeds are below 30 m/s. The 50-year return wind speed (averaging period not explicitly stated) is given to 44 m/s for that site. From standard rules on flow over topography (Jensen et al., 1984) the relative speed-up at the site would be

Δuu≈2hL=258300/4≈1.5

which is by far larger than the theory is actually valid for. However, at the anemometer height one should expect a percentual overspeed in the two-diget range.

In a more recent publication, Willoughby (1990) reports on a total number of 977 aircraft passes through 19 tropical cyclones occurring over a little more than a decade. Some of these have maximum winds of above 50 m/s. Thus Diana2 had nearly 60 m/s around the time 20.53 on 11 September 1984 with a radius of maximum wind of less than 20 km. However, it is not stated how this maximum wind is defined.

These intense tropical cyclones have typical lifetimes of the order of a couple of days. If the steering environmental flow is such that they keep over tropical waters, they could go on for much longer. The cyclonic vortex in the general westerly trade wind flow gives a Magnus effect to the north. The average vertical velocity in such a cyclone is typically of the order of 0.1 m/s transporting water vapor upwards at a rate corresponding to 20 cm of liquid water per day. It is the heat released when all this water is being condensed aloft that is driving the updraft and hence inflow. If they run ashore and lose this supply, they decline.

4    GUST STATISTICS

From an objective point of view it is difficult to assess the meaning of the traditional ‘news statement’ that this and that devastating storm has wind speeds gusting up to so and so much. Such a statement needs a few qualifications.

First, the gust exceedance above the mean value, ug – ū depends on the length of sampling time, r for the gust that is implied. Sometimes it is 3 sec, but it could be more or less, depending on what the interests are: in questions of nuisance to traffic, τ is probably of a shorter duration. For the force on long structures it takes time to build up the pressure or suction, hence a relevant τ is larger. Next, a gust exceedance above the mean depends on the time T over which the mean is defined. The shorter this time, the smaller the gust.

Micrometeorological practice is to determine ū over consecutive 10-min intervals. This makes sure that at ‘normal’ observation levels and wind speeds we are averaging over frequencies well below the peak production range of turbulent fluctuations. On the other hand, the value of the gust amplitude will often be determined by the inherent time constant of the sensor. In this section we shall reiterate a rational theory that integrates the above considerations.

We consider a stationary time series u(t), i.e. a series where u˙≡du/dt is zero on the average. During the time T the time Δt spent with u in the interval u to u + du and u˙ in the interval u˙ to u˙+du˙ is on the average

Δt=Tp(u,u˙)dudu˙

where p is the joint probability density distribution for u and u˙. Since the time spent crossing the level from u to u ÷ du is du/|u˙|, the average number of times, dN, the layer between u and u + du is crossed, is then simply given by the ratio of the average time spent divided by the crossing time, viz.
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