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Introduction 
A growing market segment open to timber bridges is pedestrian bridges crossing high
ways, railways and watercourses. These bridges are often calling for a long span and large 
vertical clearance under the bridge. Suspended and cable stayed bridges are attractive 
alternatives as truss bridges and arch bridges are not always apphcable solutions. 
Suspended and cable stayed bridges are slender structures susceptible to vibrations caused 
by wind and traffic. 

This report presents a result of the work in the part project: "Long span timber bridges" in 
the frame of the Nordic Timber Bridge Project. Mainly the cable stayed bridge type has 
been investigated. It includes studies about the reaction of the bridges to wind actions, 
studies performed by Kamal Handa at Chalmers in Gothenburg. Eigen frequency mode 
analysis and input for measurements of dynamic response on an existing bridge, were 
performed by lb Enevoldsen, Ramb0ll in Lyngby, and measurements were carried out by 
Ingemansson Technology in Stockholm. 

Financial support was given by Nordisk Industrifond, Nutek and Vägverket. Martinsons 
Trä AB, Greger Lindgren, has supported the studies. Support is also given by Svenska 
Träbroar AB and Gatukontoret, Skellefteå. Martin Gustafsson, Trätek has assisted in the 
preparation of this report. 



General design of cable stayed bridges 
Models and proportions - some recommendations 
The appearance of cable stayed bridges can vary in many ways, and each bridge gets its 
own character. The number of stays and their design will affect the load-bearing capacity, 
economy and method of erection of the bridge. 

There are four fundamental types of cable stayed bridges based on the number of spans: 
- one span, with a pylon at one or both sides of the span 
- two spans, with one pylon in the middle (symmetric or asymmetric) 
- three spans, with two pylons 
- multiple-span bridges with many pylons. 

Figure 1 Single span bridges 

Foot- and bicycle bridges are often asymmetric structures with only one pylon. For two 
asymmetrical spans the longer span should be 60-70 % of the total length of the bridge. 
The back stays are then important and are often concentrated to one foundation. The most 
economical angle of the back stays is about 45°, but often the slope of the stays is 
decreased to reduce the vertical anchorage force at the foundation. 

Figure 2 Bridge with two asymmetrical spans and one pylon 

For an ordinary three span bridge, with two side spans and one center span, the relation 
between center and side spans has great influence on the stress variation in the side spans 
and especially in the back stays. The back stays and their anchorage get the largest stress 
variations and consequently the largest risk of fatigue. Load in the center span increases 
and load in the side spans decreases the force in the back stays. When the center spans are 
short, the back stays can almost be unloaded for load in the side span. Heavy concrete 
bridges allow longer side spans than lighter steel- and timber bridges. For concrete bridges 
the adequate relation between side spans and center span should be about 0.3-0.4, i.e. the 
center span should be about 55% of the total bridge length. 

The height of the pylons will influence the material quantities, as the pylon height affects 
the forces in the stays and the compression force in the deck. Cable stayed bridges require 
higher pylons than suspension bridges. For a three span bridge with a bridge length of L 



(from which the center span is 55 %) and a pylon height of h, the most material saving 
relation is L/h~5 for cabled stayed bridges and L/h~8 for suspension bridges. 

I . 

Figure 3 Bridge with three spans 

The relation between the height of the pylon and the length of the center span should be 
0.2-0.6. 

Suitable proportions for cable stayed bridges with a single pylon and one back stay is 
pylon height/span=0.35-0.45, and all stays inclined more than 25°. This will give the 
lowest forces in the bridge structure. 

Multi-span bridges often have equal spans, with symmetrical stays. For multi-span bridges, 
the forces in the longitudinal direction, caused by asymmetric loadings, can be difficult to 
stabilize, and usually the pylons must be stiff to give the required stability. 

Arrangement of stays in transverse direction 

Figure 4 Arrangement of stays in transverse direction 

The most common and simple arrangement of stays in the transverse direction is two 
vertical planes of stays, one on each side of the deck. The stays are supported by vertical 
columns, which are the most simple and cheap to build. 

The stays can also be inclined inwards to one point, usually to an A-shaped pylon. These 
pylons are more complicated to build, but they make the bridge more stiff and stable. This 
arrangement is suitable at bridges with spans of several hundreds of meters whose 
dynamic stability becomes very important. For small and medium size bridges the 
inclination of the stays may interfere with the free space for traffic. This will call for a 
wider deck or corbellings for the attachment of the stays to the deck. 



Sometimes only one plane of stays is used. A single plane of stays can be placed in the 
middle of or at one side of the bridge deck. This can be economical and aesthetically 
attractive, but the deck has to have a large torsional stiffness. A pylon in the middle of the 
deck will reduce the deck width, especially for bridges with large spans and big pylons. 

Arrangement of stays in longitudinal direction 
The stays can be arranged in several ways in the longitudinal direction of the bridge. At 
short bridges only one stay may be enough, see figure 5. Most bridges need more stays. 

Figure 5 Stay arrangement in longitudinal direction of a small bridge 

The layout of the stays influences the economics of a bridge. The trend is towards more 
stays. With only a few stays, they will obtain large forces. The stays must consist of 
several cables and need large connection components. 

The first modern cable stayed bridges were built in 1955-70. They only had one or two 
stays on each side of the pylons. The long distances between the stays called for stiff decks 
with high girders and large bending resistance. These high bridge decks gradually became 
too expensive, which led to a change to bridges with a larger number of stays at shorter 
distances. The individual cables became smaller, which gave lower costs because of 
simplified installation, anchorage and replacement. For very long bridges this was the only 
possible solution. A lower bridge deck also reduced the dynamic wind loads on the bridge. 
Multiple stay bridges were also developed to avoid expensive, temporary supports for the 
erection. 

The layout of multiple stay bridges can be arranged into four patterns: 
• radial pattern (fan pattern) - all stays meet at one point at the top of the pylon 
• parallel pattern (harp pattern) - the stays are parallel and anchored along the pylon 
• semi-parallel pattern (fan or semi-harp pattern) - a mixture of the radial and the parallel 

pattern 
• star pattern - stays anchored at different heights to the pylon but in the same point to the 

deck (not common, used only for aesthetic reasons). 
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radial pattern parallel 

semi-parallel star pattern 

Figure 6 Arrangement of stays in longitudinal direction 

The radial or fan stay pattern requires less stay material than the harp pattern, as the stays 
are given a more favourable inclination to be optimized for the dead weight and the traffic 
loads. The longitudinal, horizontal force introduced in the deck and the bending of the 
pylons is smaller. The disadvantage of the pattern is that it is less aesthetically attractive 
because the stays at long distance appear to cross each other. Another disadvantage is the 
complicated connection at the top of the pylon, where all stays are brought together in one 
point. This is not possible in practice, and consequently the anchorages are spread along 
the pylon at the top. The connections are complicated, expensive and not so elegant. The 
negative visual impression of the fan pattern can be reduced if the stays are many and very 
small and give the impression of a net. 

Parallel stays will result in more cable material, larger compression forces in the deck and 
larger bending moment of the pylons than the radial stays. The parallel pattern is not the 
most economic layout, but it has aesthetical advantages as the stays do not seem to cross 
each other at long distance and oblique angle. Anchorage of stays along the pylon gives an 
effective tower design, reduces both the compression forces in the tower and the cost of 
the anchorage. 

The semi-parallel pattern has the advantages of the previous patterns, but not their 
disadvantages, and is often considered as the ideal pattem. It has been used in many large 
modem bridges. The span between the pylon and the first stay is often made a little longer 
to simplify the connection and improve the aesthetics. 

Stay systems 
Different types of stays, cables and ropes are used for large cable stayed bridges. The cable 
types are for example parallel wire cables, stranded wire cables and locked-coil cables. A 
parallel-wire cable consists of parallel wires which are not twisted. A stranded wire cable 
is made of several parallel strands. The strands are made of helical wires in one layer 
surrounding a straight wire core. A multi-wire strand is fabricated by successive spinning 
of several layers of wires with different directions of helix. A locked-coil cable has round 



wires in the inner layers and Z-shaped wires in the outer layers so that the wires interlock, 
and the strand gets a smooth and tight surface. 

The wires are cold drawn and they can be untreated, galvanized or stainless. The stays are 
often enclosed in a tube made of steel or polyethylene, filled with cement grout. Locked-
coil cables can be galvanized and only protected by painting. It is important to handle the 
cables correctly to avoid mechanical damage and corrosion. 

The stays of small cable stayed bridges are often made of solid steel bars. Threaded 
couplers can result in a relatively low fatigue resistance. The attachment of the bars should 
be correctly hinged, to prevent local bending of the bars at connections. There are several 
bar systems including bars and connection components in the market. 

Macalloy bar systems 
Macalloy 460 has fittings which are aesthetically designed to be attractive for use in areas 
with high visibility. The material of the bars is high strength, fine grain carbon steel, which 
is weldable. The threads of the bars are rolled onto the bars. The bars are corrosion 
protected by painting or galvanizing. Threaded ends of galvanized bars are brushed, and 
need special care for good protection at the connections. 

Figure 7 Macalloy 460 bar system 

The Macalloy prestressing bar system consists of high tensile alloy steel bars. The steel 
quality of the standard Macalloy is carbon-chrome steel, of the stainless Macalloy it is 
martensitic nickel-chrome alloy steel. The bars are provided with cold rolled threads for 
part or full length. The bars are supplied with fittings, for example nuts, washers and 
couplers. All fittings are designed to transmit load for both static and dynamic loading. 
Macalloy prestressing bars must not be welded or subjected to high local heating. The 
prestressing bars are mostly used in prestressed concrete structures where the cement 

grout injected around the bars gives good protection against corrosion. If the bars are used 
in any exposed application, corrosion protection can be e.g. painting, grease impregnated 
tape or a rigid plastic tube with injected grout. The bars are prestressed with hydraulic 
jacking equipment. 

Figure 8 Macalloy prestressing bar 



Table 1 Properties of Macalloy steel bars 

Properties Macalloy Macalloy Macalloy 
460 standard stainless 

Dimensions M20-M100 25-50/75 mm 20-40 mm 
Max. bar length (m) 11.8 17.8/8.4 6 
Mass (kg/m) 2-56.3 4.07-16.02/33.2 2.47-9.86 
Characteristic ultimate tensile 610 1030 1000 
strength (N/mm^) 
Min. 0.1% proof stress (N/mm^) 460 835 800 
Min. elongation (%) 19 6 15 
E-modulus (kN/mm"^) 205 170/205 210 
Characteristic failing load (kN) 153-4243 506-2022/4310 314-1257 
Min. 0.1% proof load (kN) 115-3200 410-1639/3495 251-1006 

ASDO/Witte tension bar systems 
The steel quality is S355 JO, which is suitable for hot galvanizing. Compared to high 
strength steel, the risk of stress corrosion cracking is smaller. Bar ends can be threaded or 
have eye connections. The threads are upset, and the whole tension bar can be stressed as 
highly as the shaft. The threads are cut before hot galvanizing and are corrected after 
galvanization. The bars are supplied with joining plates, fork ends, etc. for connections. 
Assembly and adjustment of the bars are performed by turning a short tumbuckle with a 
right-hand and a left hand thread. 

Figure 9 ASDO/Witte tension bars and connections 

Table 2 Properties of ASDO/Witte tension bar 

Properties ASDO/Witte 
Nominal size 1 1/2"- 6" 
Thread diameter 38 mm-150 mm 
Max. bar length (m) 20 
Yield point, Re (kN/mm^) 355 
E-modulus (kN/mm^) 210 
Minimum breaking load (kN) 410-5312 
Minimum load at yield point (kN) 297-4012 

10 



Stay details 
The attachment of the stays to the deck is an important thing. Adjustment of the length of 
the stays and the prestressing of the stays is preferably made at the lower end of the stays, 
where it is easier to work than at the top of the pylon. Some examples of stay connections 
are shown in figure 10 - figure 13. 

In figure 10, the stay is connected with a hinge joint plate to a steel plate. The steel plate is 
placed between a pair of glulam beams. The stay force and the support reactions from the 
beams are transferred by the steel T-section connected to the steel plate. A rubber pad 
between the beams allows for some movement. 

Figure 10 Stay connection to Joint of beams 

In figure 11 the stay is connected with hinge joint plates to a steel plate welded to the 
cross-beam of a prestressed deck. The cross-beam is connected with the deck with bolts 
through the plate on both sides of the beam. 

Figure 11 Stay connection with cross-beam under a deck 

Figure 12 shows another connection, where the bar goes through a tube. The tube should 
be filled up with some resilient matter, to prevent bending of the threaded part of the bar. 

11 



Figure 12 Stay connection 

The back stays must be prestressed, and this can be done with a hydraulic jack, figure 13 
shows an example of prestressing a stay. The left picture shows the final connection. The 
right picture shows the prestressing equipment with the jack. A threaded bar is connected 
to the end of the stay. The bar is pulled with the jack and the nut is moved to alignment. A 
spherical washer is used to get a hinged connection. 

Figure 13 Stay connection allowing for prestressing 

Decks 
For the decks of cable stayed bridges there are three principles of construction: 
• Stiff decks, with a small number of stays acting as elastic supports for the deck. The 

pylons get small bending moments and can be slender. 
• Stiff pylons, with large bending moments from the traffic load. The decks will get small 

bending moments if there are enough stays. This will result in a slender deck designed 
by the transverse bending moment and the forces at the stay connections. This principle 
is suitable for bridges with many spans. 

• The stays are the stabilizing elements. The back stays are of great importance. They 
must be pre-tensioned when there is no traffic load on the bridge, and consequently the 
side spans must be shorter than half of the main span. These constructions will get 
slender pylons and slender decks. 

The deck of a cable stayed bridge with many stays will mainly be affected by compression 
forces instead of bending moments. The deck shall be designed for bending and normal 
forces. Deflection from dead load is usually small. 

12 



Timber decks can be of different designs, e.g. stress-laminated plate, T-beam sections and 
beams with a plank deck, see figure 14. 
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Plate T-beams 

Figure 14 Cross-sections of timber decks 

Beams and plank deck 

Stays on both sides of a deck plate will cause transverse bending moments in the deck. 
Because of this the stays are often attached to cross-beams, often made of steel beams, 
which will act as supports for the deck, see figure 15. The beams can be made of two or 
more steel sections welded together and a number of steel plates with bolt holes welded to 
the upper flanges. A stress-laminated timber plate can be fastened to the beams with bolts 
through the plate. On the top of the plate the bolt heads and washers have to be 
countersunk. 
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Figure 15 Cross-section of steel cross-beam fastened to the stress-laminated deck plate 

For deck plates made of glulam T-sections the cross-beams at the stays can be run through 
holes in the webs of the beams, see figure 16. The glulam webs are supported by plates 
fastened to the steel beams with bolts on both sides of the web. 

Figure 16 Cross-section of transverse steel beams fastened to T-beams of glulam 
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At end supports the deck is fastened to the abutment. The bearings can be made e.g. of 
steel beams, steel plates and rubber bearings. 
figure 17 shows the end support of a stress-laminated deck. The steel beam is placed on a 
concrete head, and the beam is screwed to the deck from underneath. 

Figure 17 Cross-section of steel cross-beam and stress-laminated deck at end support 

At the fixed middle support, a prestressed wooden deck plate can be fastened with bolts 
through the plate to a steel beam, see figure 18. The steel beam is resting on a rubber strip 
on a steel fitting which, in turn, is fastened to the concrete foundation. A number of steel 
plates with holes for the through bolts are welded to the upper flange of the beam. The 
transverse steel beam prevents the deck from cupping in the transverse direction. 

Figure 18 Cross-section of steel cross-beam at support for stress-laminated deck 

Pylons 
The shape of the pylons is of great aesthetic importance. The shape of the towers of cable 
stayed bridges can be straight or A-shaped in the transverse direction. Other shapes can 
also be used. The pylons are mostly vertical in the longitudinal direction of the bridge. 

14 



Wooden pylons can be built in many ways, e.g. of round poles jointed and covered with 
wooden siding, see figure 19. They can also be built of hollow glulam posts, see figure 21. 
Sometimes steel tubes are used as pylons. 

Figure 19 Cross section of 
pylon made of six jointed 
round- wood poles. The poles 
are covered with wooden 
siding. 

Figure 20 Cross 
section of pylon made 
of glulam and covered 
with wood panel. 

Figure 21 Cross 
section of pylon made 
of Comwood glulam. 

At the top of the pylon there is usually a steel anchor plate arranged for attachment of the 
stays. The stays can be equipped with forks or eyes and attached with joining plates to the 
pylon top, see figure 22. The stays can also be connected to the top plate with spherical 
washers and nuts. The spherical washers are used to receive hinged connections. Some
times the pylon-stay connections are covered with sheet metal or wood to protect the 
connections. The covering of the pylon top can also be utilized to decorate the bridge, see 
figure 27 and figure 28. 

Figure 22 Top of pylon, Comwood glulam post 

The foot of the Comwood pylon can be attached to the concrete foundation with a steel 
collar. One example with concealed, inside anchor plates is shown in figure 23. The pylon 
stands on 12 plastic plates which are screwed to the bottom of the pylon. The anchor plates 
of the collar are fastened to the pylon from the inside. Between the steel collar and the 
hollow post is a space to allow for swelling/shrinking of the wood and ventilation of the 
void. The collar rests on a grout to assure a correct alignment all around. The pylon can be 
put on specially designed concrete foundations, see figure 24. 

15 



Figure 23 Foot of pylon of 
Comwood glulam post with 
interior anchor plates 

Figure 24 Foundation for Comwood 
pylons and main girders 

In the transverse direction the pylons often are stabilized with transverse beams and 
diagonal bracing, see figure 25 and figure 26. The top of wooden pylons can also be 
designed as a roof connecting the posts in the transverse direction. 

Figure 25 Cross bracing of pylons of 
Comwood glulam posts 

Figure 26 Cross bracing and 
stay connections at top of steel 
pylons 

16 
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Figure 27 Pylons of hollow glulam 
posts 

Figure 28 Pylons of steel 
hollow sections 

Design of cable stayed bridges 
Static design 
The design procedure starts with determination of the geometry for the whole structure 
including the number of stays. Cross-sections for bridge deck, pylons and stays are 
assumed for a preliminary design. The calculations can be made with simple methods 
without any regard to the second order effects. 

The final design is suitably made with some computer program, which can analyze the 
whole bridge structure and give the forces in all different parts. The pylons and bridge 
deck can be simulated as beams. The deck can also be represented by shell or solid 
elements. The stays can be simulated as bars, and to include the deflection of the stays a 
method with an effective modulus of elasticity is often used. 

With three-dimensional models it is possible to get correct stay forces for all loads, also 
for concentrated loads located close to one side of the deck. When using a two-
dimensional model these concentrated loads can be distributed by calculating the bridge 
deck as a simply supported beam between the stays, but for load cases with several 
concentrated loads this method can give quite large errors in the stay forces. 

17 



stays 
The stay cables carry the bridge deck, and they are the most important parts for the 
properties of the bridge. 

The stays must be designed in such a way that replacement is possible when necessary. 
Anchorages and connections of stays must also be designed so that inspection and 
maintenance can be performed. 

Back stays must always be pre-tensioned. The pre-tension must be high enough so that the 
stays will never be unloaded. 

Stay systems have a non-linear behaviour. This depends on the deflection of the stays and 
the corresponding axial tension force. To avoid this non-linearity in the calculations of the 
structural system an equivalent modulus of elasticity can be used. The inclined stay is 
assumed as a straight line between the supports, even though the real cable is deflected 
from this line. 

For a wire with constant tension the equivalent modulus of elasticity can be written: 

E 

\2a' 

where Egq = equivalent modulus of elasticity 
E = modulus of elasticity of the stay material 
L = horizontal projected length of the stay 
q = dead load of stay per unit of horizontal length 
a = cable tension stress 

The method of equivalent modulus of elasticity is an iterative method. A start value for the 
modulus of elasticity can be the modulus of the material, and if the stress of the stay is 
near the allowable stress the modulus is near the modulus of the material. 

For short, light stays the modulus of the material can be used. Example: A stay with a 
horizontally projected length of 25 m, of steel with E=2.110^ N/mm^, a dead load 
of q=47 N/m and a tension force of Ho>l kN, the resulting equivalent modulus of elasticity 
isEeq=2.M0^N/mml 

The stays are designed for combined tension and bending from the evenly distributed dead 
load and wind load. If the stay is assumed hinged at the ends and the horizontal bending 

d q-E 
stress Ob in the stays, it can approximately be calculated as o-̂  = . „ 

where d = stay diameter (mm), q = distributed load on stay (N/mm), E = modulus of 
elasticity (N/mm^) and Ho= tension force in stay (N). For a sloping stay this value shall be 
multiplied by cosa, where a is the angle between stay and horizontal. 

Example: A horizontal stay with d=28 mm, E=2.1- lO'' N/mm^, q=47 N/m and a tension 
force of Ho=IO kN gets a tension stress a=16 N/mm^ and a bending stress from dead load 

18 



Gb =14 N/mm^. For a tension force of Ho=200 kN the stay gets a tension stress G=325 
N/mm and a bending stress from dead load ab= 0.7 N/mm . 

Deck 
The bridge deck is the part of the bridge that is directly bearing the traffic loads, and 
distributing the loads to the stays. The deck is acting as a continuos beam with elastic 
supports. The deflection of the bridge deck mainly depends on the strain of the stays. 

The stays are pre-tensioned to give the bridge deck the correct profile under dead load. 
The bending moment of the deck corresponds to the bending moment of a continuos beam 
on fixed supports. The vertical stay force component is equivalent to the support reactions 
of a continuos beam. 

Under traffic loads the stays act as springs. The elongation of the stays causes deflections 
of the deck. This deflection shall be added to the deflection caused by the dead load. The 
deformation of the pylons will also give deflections to the deck. 

The bridge deck must be designed for both bending and compressive forces. The sloping 
stays will give compressive forces in the deck, increasing towards the pylon. 

A single span bridge with a pylon at each end can have the deck fixed at one end and 
rolled at the other. A bridge with two spans and a pylon in the middle often has the deck 
fixed in the middle. 

Different timber bridge deck sections are shown in figure 14. For long spans a deck plate 
can be advantageous to T-beams. The lower section gives a lower horizontal wind force 
and the section has a larger moment of inertia in the wind direction. With short distances 
between the stays, the height of the deck can be reduced. 

Pylons 

The pylons bear the greatest part of the dead load and traffic loads on the bridge, and will 
get large compressive forces. In the longitudinal direction they are supported by the stays. 

In the transverse direction the pylons are affected by wind load and any oblique stay 
forces. Wind load on all stays must be taken into consideration when designing the pylons. 
The pylons can get bending moments from wind load and stay forces. 

Shortening and lengthening of pylons because of stay forces and influence of temperature 
must also be considered. The temperature movements of wood are small in the fibre 
direction. The axial deformation of a 15 m long wooden pole will be 1.5 mm at 20° C 
change of temperature as the coefficient of thermal expansion is 0.5- 10"V°C. 
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Dynamic design 
Long span timber bridges, especially foot- and bicycle bridges, are light and slender 
structures that are sensitive to vibrations. 
The tolerance towards vibrations varies for different persons, and also depends on 
surroundings and experience. Vibrations are often better accepted with increase in the 
damping factor. 

To reduce the disturbance to persons on foot- and bicycle bridges the vertical natural 
frequency of the bridge should be higher than a specified value. If the frequency is not 
high enough the vertical vibration acceleration should be limited. Methods for calculating 
the acceleration can be found for example in the Swedish National Road Administration 
Bridge Code BRO 94 and in Eurocode 5. According to BRO 94 the natural frequency 
should be above 3.5 Hz, alternatively the vibration acceleration should be below 0.5 m/s .̂ 

The requirements for vibrations can be the decisive load case for long span timber bridges. 
The frequency of the bridge can be made higher by increasing the stiffness of the deck, the 
stiffness of the pylons or the sectional area of the stays. The stiffness of the pylons have 
little influence on the frequency. The stiffness of the deck has some influence on the 
frequency, but most important is the sectional area of the stays. 

The global oscillations of the entire bridge including the stays can preferably be calculated 
with finite element methods. The stays have several local natural modes and frequencies, 
which are lower than the global frequencies. To exclude these local oscillations in the 
calculations the stays can be given no mass and no prestressing forces. This will only give 
a small error in the result. 

The lowest natural frequency for the vertical oscillation of the bridge can approximately be 

calculated as / , = ^ , where ŷ ax (m) is the deflection under dead load. Example: If 
V>'max 

the deflection of dead load for a bridge is 98.2 mm, then the natural frequency becomes 
0.55 

approximately f, = , = =1.8 Hz. 
' V0.0982 

Local oscillations of the stays originate from the wind, especially vortex-shedding. The 
frequencies of the stays are important for anchorage details, which must be verified for 
fatigue. There is also risk of resonance between local and global oscillations if the 
frequencies are close. 

Annex 1 contains the British design manual for roads and bridges, January 1993, volume 
1, section 3, Part 3, BD4 9/93, Design rules for aerodynamic effects on bridges. In these 
rules all forms of aerodynamic excitation may be considered insignificant if the bridges are 
built at normal heights above ground and of normal construction and are: 

a) Highway or railway bridges having no span greater than 50 m 
b) Footbridges having no span greater than 30 m 
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For the purpose of these rules, normal height may be considered to be less than 10 metres 
above ground level, and normal construction may be considered to include bridges 
constructed in steel, concrete, aluminium or timber, including composite construction. 

According to these rules bridges are prone to several forms of aerodynamic excitation 
which may result in motions in isolated vertical bending or torsional modes or, more 
rarely, in coupled vertical bending-torsional modes. Depending on the nature of the 
excitation the motions may be of: 

(1) Limited amplitudes which could cause unacceptable stresses or fatigue damage. 

Vortex-induced oscillations - oscillations of limited amplitude may be excited 
by the periodic cross-wind forces arising from the shedding of vortices 
alternatively from the upper and lower surfaces of the bridge deck. Over one or 
more limited ranges of wind speeds, the frequency of excitation may be close 
enough to a natural frequency of the structure to cause resonance and, 
consequently, cross-wind oscillations at that frequency. These oscillations 
occur in isolated vertical bending and torsional modes. 

Turbulence response - because of its turbulent nature, the forces and moments 
developed by wind on bridge decks fluctuate over a wide range of frequencies. 
If sufficient energy is present in frequency bands encompassing one or more 
natural frequencies of the structure, the structure may be forced to oscillate. 

(2) Divergent amplitudes increasing rapidly to large values, which must be avoided. 

Identifiable aerodynamic mechanisms leading to oscillations of this type include: 

- Galloping and stall flutter - galloping instabilities arise on certain shapes of 
deck cross-section because of the characteristics of the variation of the wind 
drag, lift and pitching moments with angle of incidence or time, 

- Classical flutter - this involves coupling (ie, interaction) between the vertical 
bending and torsional oscillations. 

(3) Non-oscillatory divergence due to a form of aerodynamic torsional instability which 
must also be avoided. 

Divergence can occur if the aerodynamic torsional stiffness (ie, the rate of change 
of pitching moment with rotation) is negative. At a critical wind speed the 
negative aerodynamic stiffness becomes numerically equal to the structural 
torsional stiffness resulting in zero total stiffness. 

The design rules include an annex of the formulae for the prediction of the fundamental 
bending and torsional frequencies of bridges. 
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Examples of cable stayed timber bridges 
Foot- and bicycle bridge across the motorway E4 near Järna 
south of Stockholm 

Figure 29 The Järna bridge 

The bridge was built in 1996. The cable stayed part of the bridge is symmetric with two 
spans and a pylon in the middle. The bridge is designed according to the Swedish National 
Road Administration Bridge Code BRO 94 for surface load (4 kN/m^) and for a 
maintenance vehicle (axle loads 40+80 kN). 

The bridge deck consists of four parts in the longitudinal direction. The outer parts are 
simply supported, with supports on concrete foundations at the bridge end and on steel 
columns at the connection to the inner parts of the bridge deck. 

The two inner parts of the bridge deck constitute the cable stayed bridge. They go from the 
steel columns to the concrete foundation for the pylons. There are stays on both sides of 
the deck, and in the longitudinal direction there are two stays on both sides of the pylon. 
The stays consist of solid steel bars. At the lower end they are attached to steel cross
beams supporting the deck. At the top the stays are connected to the pylons which are 
made of Comwood glulam posts. 
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Figure 30 Cross section of the Järna bridge 

The bridge deck is made of glulam, grade L40. It consists of vertical and horizontal glulam 
beams glued to T-sections and prestressed together. The deck plate is protected by an 
insulation mat and an asphalt wearing surface. The upper side of the plate is inclined 2 % 
towards one side. The solid section can take transverse wind loads without any special 
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wind bracing. Decisive load case for the deck plate is the axle loads on the outer, simply 
supported, deck parts. The same deck cross section was used for the whole bridge. 

For this foot- and bicycle bridge with a width of 2.8 m, the cross-section with 3 T-beams 
has the height 630 mm. The cross-section has a vertical moment of inertia Iven = 0.024 m"*, 
horizontal moment of inertia I h o r = 0.559 m"* and cross area A = 0.87 m^. A solid wood 
plate with the same width must have the height 470 mm to get the same Ivert, and Ihor will 
increase to 0.887 m'* and the area to 1.33 m^. 

The outer stays were pre-tensioned to assure tension at all load cases. The inner stays were 
pre-tensioned to give the bridge the correct profile under dead load. 

The natural frequencies for the bridge have been calculated with a finite element model. 
The lowest frequency obtained was for the inner spans 3.10 Hz, and for the outer spans 
3.42 Hz. Measurements of the vibrations have also been performed on the bridge in order 
to check the validity of the frequency and mode shapes and to determine the damping. 
Traffic and wind accelerations of the deck, force excited accelerations of the deck and 
accelerations from traffic and wind on one supporting cable were measured. From the data 
obtained eigenfrequencies and damping have been evaluated. The lowest natural frequency 
evaluated was 3.48 Hz and the damping 1.72 %. 

Figure 31 Vibration mode at the lowest natural frequency for the Järna bridge 
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Table 3 Measures of the Järna bridge 

Free bridge width 2.8 m 

Bridge length 80 m 

Number of spans 4 

Spans 15+25+25+15 m 

Pylon height above bridge deck 10.8 m 

Relation pylon height/span 0.43 

Inclination of stays 27°, 47° 

Table 4 Material specifications of the Järna bridge 

Structural part Material Dimensions 

Bridge deck Glulam L40 Cross-section with 3 T-beams, 
h=630 mm 

Cross-beam at pylon Glulam L40 215x495 

Cross-beam at stays Steel 2 - HEB 260 

Cross-beam at columns Steel HEB 300 

Stays Steel Macalloy Bar 032, 040 

Pylons Glulam Comwood 12-sided hollow post, d=600 mm 

Cross bracing of pylons Glulam L40 140x270 

Diagonal bracing of pylons Steel M20 
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Foot- and bicycle bridge across Söderkullasundet in Vaxholm 
near Stockholm 

Figure 32 The Vaxholm bridge 

The bridge was built in 1996. It is a symmetric cable stayed bridge with one span and 
pylons at bridge ends. The bridge is designed for the surface load 4 k N W according to 
the Swedish National Road Administration Bridge Code BRO 94, and for a maintenance 
vehicle with axle loads 20-1-40 kN. 

The bridge deck is made of longitudinal glulam beams. It is divided into three sections 
with vertical hinges between them. The length of each section is 30 m. The bridge has 
stays on both sides of the deck and in the longitudinal direction there are three stays to the 
deck and one double backstay from each pylon. All stays are made of steel round bars. 
They are connected to the longitudinal glulam beams (main beams) and to the pylons made 
of Comwood glulam posts. 

There are four main beams, connected two and two. The distance between centers of beam 
pairs is 4.0 m. Between the main beams there are transverse and diagonal glulam beams, 
which form a horizontal truss. The center distance between the transverse beams is 5.0 m. 

On top of the transverse and diagonal beams there are 4 longitudinal glulam beams 
supporting the wearing surface. 

Figure 33 Cross section of the Vaxholm bridge 
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Figure 34 Pylons, the Vaxholm bridge 

At the bridge erection the length of the stays were adjusted to give the deck and the pylon 
the correct position. The tension in the stays then corresponds to the dead load of the deck. 
The stays can not be further tensioned, as additional tension forces in the stays will only 
result in a raise of the bridge deck. 

The natural frequencies have been calculated with a finite element model. The lowest 
frequency for the deck in the vertical direction was 1.9 Hz. 

Figure 35 Vibration mode at the lowest vertical frequency for the Vaxholm bridge 
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Table 5 Measures for the Vaxholm bridge 

Free bridge width 3.0 m 

Bridge length 90 m 

Number of spans 1 

Span 90 m 

Pylon height above bridge deck 15.5 m 

Relation pylon height/span 0.17 

Inclination of stays 19°, 27°, 45° 

Inclination of back stays 33° 

Table 6 Material specifications of the Vaxholm bridge 

Structural part Material Dimensions 

Main girders Glulam L40 215x630 

Transverse beams Glulam L40 140x495 

Diagonals Glulam L40 215x495 

Longitudinal beams Glulam L40 140x270 

Supporting planks Timber K24 63x145 

Wearing planks Timber K24 50x150 

Stays Steel Macalloy 460 Bar 044, 052 

Pylons Glulam Comwood 12-sided hollow post, d=710 mm 

Cross bracing of pylons Glulam L40 90x495 

Diagonal bracing of pylons Steel M30 
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Foot- and bicycle bridge across the motorway E4 at Norra Pershagen 
in Södertälje south of Stockholm 

' • • ' 'iV • • • 11 m I I hri I I 1^ 

Figure 36 The Pers hagen bridge 

The bridge was built in 1998, and is an asymmetric cable stayed bridge with two spans. 
The bridge is designed according to Swedish National Road Administration Bridge Code 
BRO 94 for surface load (4 kN/m^) and for a maintenance vehicle (axle loads 40+80 kN). 

The bridge deck is continuos over the whole length. The bridge has one plane of stays on 
each side of the deck. In the longitudinal direction there are three stays on one side and 
two stays on the other side of the pylon. The lower part of the outer stays is anchored to 
concrete foundations and the inner stays are connected to steel beams supporting the deck. 
At the top the stays are attached to pylons of steel tubes. 

The deck plate is a stress-laminated wood deck. The wooden deck is protected by 
insulation and an asphalt wearing surface. The deck is inclined 1 % towards one side of 
the bridge. 

Figure 37 Cross section of the Pershagen bridge 

The outer stays are pre-tensioned enough so that they do not get any compression in the 
ultimate limit stage, and the inner stays are pre-tensioned so that the deck does not get any 
deflection for dead load. 

The natural frequencies have been calculated with a finite element model, and the lowest 
vertical frequency for the deck was 2.9 Hz. This is lower than the required 3.5 Hz. The 
vertical acceleration was also calculated according to the directions in BRO 94. The 
acceleration was 0.5 m/s^, which is the maximum allowable value. 
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Figure 38 Vibration mode at the lowest natural frequency for the Pershagen bridge 

Table 7 Measures for the Pershagen bridge 

Free bridge width 2.8 m 

Bridge length 60.5 m 

Number of spans 2 

Span 36+24.5 m 

Pylon height above bridge deck 15.6 m 

Relation pylon height/span 0.43 

Inclination of stays 27°, 37°, 59° 

Table 8 Material specifications of the Pershagen bridge 

Structural part Material Dimensions 

Bridge deck Timber K30 Plate, h=395 mm 

Cross-beam at stays Steel 3 HEB 260 / 2 HEB 280 

Cross-beam at pylon Steel HEB 160 

Stays Steel Bar 063 

Pylons Steel Tube 0457.2x12.5 

Cross bracing of pylons Steel Tube 0203x8 

Diagonal bracing of pylons Steel 022 
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Annex 1 

Annex 1 British Design rules for aerodynamic effects on bridges 

These design rules are taken from the British design manual for roads and bridges, January 
1993, volume I Highway structures, approval procedures and general design, section 3 
General design. Part 3, BD 49/93 Design rules for aerodynamic effects on bridges. 
Contents: 
1. Introduction 
2. Requirements 
3. References 
4. Enquiries 
Annex A. Design Rules for Bridge Aerodynamics 
Annex B Formulae for the Prediction of the Fundamental Bending and Torsional 

Frequencies of Bridges 
Annex C Requirements for Wind Tunnel Testing (not included in this report) 

1. Introduction 

General 

1.1 This Standard specifies design requirements for bridges with respect to aerodynamic 
effects, including provisions for wind-tunnel testing. It supersedes clause 5.3.9 of BS 
5400: Part 2. Al l references to BS 5400: Part 2 are intended to imply the document as 
implemented by BD 37 (DMRB 1.3). 

1.2 The requirements, in the form of design rules, are given in Annex A. Formulae for the 
prediction of fundamental frequencies in bending and in torsion are given in Annex B, and 
further requirements for wind tunnel testing are given in Annex C. The original version of 
these rules first appeared as the "Proposed British Design Rules" in 1981 in reference (3). 
A modified version was included in the Transport and Road Research Laboratory 
Contractor Report 36 (4), which also contained the associated partial safety factors and 
guidance on the use of the rules. In the light of their use in bridge design in recent years, 
further consideration was deemed necessary with respect to a number of items, the more 
notable ones being the rules which determined whether the designs of certain footbridges 
and steel plate-girder bridges needed to be based on wind tunnel testing. Background 
information on these later modifications is available in TRL Contractor Report 256 (5). 
The present version of the rules is the outcome of this further study. 

1.3 Guidance on the use of the design rules is available in TRRL Contractor Report 36 (4). 

Implementation 

1.4 This Standard should be used forthwith for all schemes currently being prepared 
provided that, in the opinion of the Overseeing Department, this would not result in 
significant additional expense or delay progress. Design Organisations should confirm its 
application to particular schemes with the Overseeing Department. 
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2. Requirements 
Scope 

2.1 This standard is applicable to all highway bridges and foot/cycle-track bridges. 
However its provisions wi l l affect only certain categories of bridges as explained in the 
rules. 

Design requirements 

2.2 The aerodynamic aspects of bridge design shall be carried out in accordance with rules 
given in Annex A. 

3. References 

1. Design Manual for Roads and Bridges, Volume 1: Section 3 General Design, B D 37/88 
Loads for Highway Bridges (DMRB 1.3) 

2. BS 5400: Steel, concrete and composite bridges: Part 2: 1978: Specification for loads 
and Amendment No. 1,31 March 1983. 

3. Bridge aerodynamics. Proceedings of Conference at the Institution of Civi l Engineers, 
London, 25-26 March, 1981. Thomas Telford Limited. 

4. Partial safety factors for bridge aerodynamics and requirements for wind tunnel testing. 
Flint and Neill Partnership. TRRL Contractor Report 36, Transport and Road Research 
Laboratory, Crowthome, 1986. 

5. A re-appraisal of certain aspects of the design rules for bridge aerodynamics. Flint and 
Neill Partnership. TRRL Contractor Report 256, Transport Research Laboratory, 
Crowthome, 1992. 

Annex A, Design rules for bridge aerodynamics 

1. General 

The adequacy of the structure to withstand the dynamic effects of wind, together with 
other coincident loadings, shall be verified in accordance with the appropriate parts of BS 
5400, as implemented by the Overseeing Department. Partial load factors to be used in 
considering ultimate and serviceability l imit states are defined in 4. 

Bridges are prone to several forms of aerodynamic excitation which may result in motions 
in isolated vertical bending or torsional modes or, more rarely, in coupled vertical 
bending-torsional modes. Depending on the nature of the excitation the motions may be 
of: 

(1) Limited amplitudes which could cause unacceptable stresses or fatigue damage, 
(2) Divergent amplitudes increasing rapidly to large values, which must be avoided, 
(3) Non-oscillatory divergence due to a form of aerodynamic torsional instability which 

must also be avoided. 
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1.1 Limited amplitude response 

(i) Vortex-induced oscillations - oscillations of limited amplitude may be excited by the 
periodic cross-wind forces arising f rom the shedding of vortices alternatively f rom the 
upper and lower surfaces of the bridge deck. Over one or more limited ranges of wind 
speeds, the frequency of excitation may be close enough to a natural frequency of the 
structure to cause resonance and, consequently, cross-wind oscillations at that frequency. 
These oscillations occur in isolated vertical bending and torsional modes. 

( i i ) Turbulence response - because of its turbulent nature, the forces and moments 
developed by wind on bridge decks fluctuate over a wide range of frequencies. I f 
sufficient energy is present in frequency bands encompassing one or more natural 
frequencies of the structure, the structure may be forced to oscillate. 

1.2 Divergent amplitude response 

Identifiable aerodynamic mechanisms leading to oscillations of this type include: 

(1) Galloping and stall flutter - galloping instabilities arise on certain shapes of deck 
cross-section because of the characteristics of the variation of the wind drag, l i f t 
and pitching moments with angle of incidence or time. 

(ii) Classical flutter - this involves coupling (i.e., interaction) between the vertical 
bending and torsional oscillations. 

1.3 Non-oscillatory divergence 

Divergence can occur i f the aerodynamic torsional stiffness (i.e., the rate of change of 
pitching moment with rotation) is negative. At a critical wind speed the negative 
aerodynamic stiffness becomes numerically equal to the structural torsional stiffness 
resulting in zero total stiffness. 

2. Susceptibility to aerodynamic excitation 

This section can be used to determine the susceptibility of a bridge to aerodynamic 
excitation. I f the structure is found to be susceptible to aerodynamic excitation then the 
additional requirements of 3 shall be followed. 

2.1 Bridges of span up to 200 m 

Bridges designed to carry the loadings specified in BS 5400: Part 2, built at normal 
heights above ground and of normal construction, in either of the fol lowing categories, 
may be considered to be subject to insignificant effects in respect of all forms of 
aerodynamic excitation: 

a) Highway or railway bridges having no span greater than 50 m 
b) Footbridges having no span greater than 30 m 
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Other bridges having no span greater than 200 m may be considered adequate with regard 
to each potential type of instabiUty i f they satisfy the relevant criteria given in 2.1.1, 2.1.2 
and 2.1.3. 

For the purpose of these rules, normal height may be considered to be less than 10 metres 
above ground level, and normal construction may be considered to include bridges 
constructed in steel, concrete, aluminium or timber, including composite construction, and 
whose overall shape is generally covered by Figure 1. 
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MEDIAN DETAILS 

2.1.1 Limited amplitude response - vortex excitation 

2.1.1.1 General 

Estimates of the critical wind speed for vortex excitation for both bending and torsion 
(Vcr) shall be derived according to 2.1.1.2 other than for certain truss girder bridges - see 
2.1.1.3(a). The limiting criteria given in 2.1.1.3 should then be satisfied. 

2.1.1.2 Critical wind speeds for vortex excitation 

The critical wind speed for vortex excitation, Vcr, is defined as the velocity of steady air 
f low or the mean velocity of turbulent f low at which maximum aerodynamic excitation 
due to vortex shedding occurs. It should either by determined by appropriate wind tunnel 
tests on suitable .scale models or it may be calculated as follows for both vertical bending 
and torsional modes of vibration of box and plate girder bridges. For truss bridges with 
solidity O<0.5, refer to 2.1.1.3(a). When O>0.5 these equations can be used for vertical 
bending modes of vibration only - torsion modes should be the subject of special 
investigation, eg, appropriate wind tunnel tests. 

Vcr = 6.5 fd4 
Vcr=fd4(l.l b*/d4+1.0) 
Vcr =12fd4 

forb*/d4<5.0 
for 5.0 < b*/d4< 10 
forb*/d4 > 10 

In these equations: 
/?* is the effective width in metres as defined in Figure 1, 
d4 is the depth in metres shown in Figures 1 and 2. Where the depth is variable over the 

span, d4 shall be taken as the average value over the middle third of the longest span. 
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/ is either /B or f j as appropriate, i.e., the natural frequencies in bending and torsion 
respectively (Hz) calculated under dead and superimposed dead load. A means of 
calculating approximate values o f / B and/?, within certain constraints, is given in 
Annex B. 

2.1.1.3 Limiting criteria 

The fol lowing conditions may be used to determine the susceptibility of a bridge to vortex 
excited vibrations: 

(a) Truss girder bridges may be considered stable with regard to vortex excited 
vibrations provided that O < 0.5 where O is the solidity ratio of the front face of 
the windward truss, defined as the ratio of the net total projected area of the truss 
components to the projected area encompassed by the outer boundaries of the 
truss. 

(b) A l l bridges, including truss bridges, may be considered stable with respect to 
vortex excited vibrations i f the lowest critical wind speeds, Vcr, for vortex 
excitation in both bending and torsion, as defined in 2.1.1.2, exceed the value of 
reference wind speed Vr, where 

Vr= 1.25K,K2 V, 

V is the mean hourly wind speed (see clause 5.3.2.1.1 of BS 5400: Part 2), 
Ki is the wind coefficient related to return period (see clause 5.3.2.1.2 of BS 

5400: Part 2), 
K2 is the hourly speed factor, to adjust to deck level of the bridge (clause 

5.3.2.2, Table 2 and modification where appropriate as in clause 5.3.2.1.5 of 
BS 5400: Part 2), 

(c) Any bridge whose fundamental frequency is greater than 5 Hz may be considered 
stable with respect to vortex excitation. 

I f none of these conditions is satisfied, then the effects of vortex excitation shall be 
considered in accordance with 3.1. 

2.1.2 Limited amplitude response - turbulence 

Provided that the fundamental frequencies in both bending and torsion, calculated in 
accordance with 2.1.1.2, are greater than 1 Hz, then the effects of turbulence may be 
ignored. I f this condition is not satisfied the dynamic effects of turbulence response should 
be considered in accordance with 3.3. 
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2.1.3 Divergent amplitude response 

2.1.3.1 General 

Estimates of the critical wind speed for galloping and stall flutter for both bending and 
torsional motion (Vg) and for classical flutter ( f ^ shall be derived according to 2.1.3.2 and 
2.1.3.3 respectively. Alternatively values of Vg and V/ may be determined by wind tunnel 
tests (see 6). The limiting criteria given in 2.1.3.4 shall then be satisfied. 

2.1.3.2 Galloping and stall flutter 

(a) Vertical motion 

Vertical motion need be considered only for bridges of types 3, 3A, 4 and 4A as shown in 
Figure I , and only if b < 4d4. 

Vg may be calculated f rom the reduced velocity, VRg,, using the formula below, provided 
that the fol lowing limits are satisfied: 

(i) Solid edge members, such as fascia beams and solid parapets shall have a total 
depth less than 0.2d4 unless positioned closer than 0.5d4 f rom the outer girder 
when they shall not protrude above the deck by more than 0.2t/^ nor below the 
deck by more than 0.5<i^. 

(i i) Other edge members such as parapets, barriers, etc, shall have a height above 
deck level, h, and a solidity ratio, O, such that O is less than 0.5 and the product 
/7O is less than 0.25d4 for each edge member. The value of O may exceed 0.5 
over short lengths of parapet, provided that the total length projected onto the 
bridge centre-line of both the upwind and downwind portions of parapet whose 
solidity ratio exceeds 0.5 does not exceed 15% of the bridge span. 

( i i i ) Any central median barrier shall have a shadow area in elevation per metre length 
less than 0.5m^. 

I f these conditions are fu l f i l led , Vg can be obtained 
f rom 

_ C , ( ,»<?.)_ V, 

where 

/B is the natural frequency in Hz in vertical bending motion as defined in 2.1.1.2, 
Cg is 2.0 for bridges of type 3 and 4 with side overhang greater than 0.7<i./ or 1.0 for 

bridges of type 3 and 4 with side overhang less than or equal to 0.1 d4, 
m is the mass per unit length of the bridge (in kg/m), 
5s is the logarithmic decrement of damping, as specified in 3.1.2, 
p is the density of air (1.2 kg/m ), 
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d4 is the reference depth of the bridge in metres (see Figure 1) as defined in 2.1.1.2. 

I f the constraints ( i) to ( i i i ) above are not satisfied, wind tunnel tests should be undertaken 
to determine the value of Vg. 

(b) Torsional motion 

Torsional motion shall be considered for all bridge types. Provided that the fascia beams 
and parapets comply with the constraints given in (a) above, then may be taken as: 

V, = 5fTh 

In addition for bridges of type 3, 3A, 4 and 4A (see Figure 1) having b < 4t/^, may be 
taken as the lesser of: 

Vg = Ufyd^ or 5fTh 

where 
//• is the natural frequency in torsion in Hz as defined in 2.1.1.2, 
h is the total width of bridge in metres, 
d4 is as defined in (a) above. 

2.1.3.3 Classical flutter 

The critical wind speed for classical flutter, V/^ may be calculated from the reduced critical 
wind speed 

" frh 
given by 

V =4 J B 1 - — 
f r . 

mr 

but not less than 2.5 

where/r, fs, m, p and h are defined in 2.1.3.2, 
r is the polar radius of gyration of the effective bridge cross section at the centre of 

the main span in metres (polar second moment of mass/mass)''^ 

Alternatively the value of ^/may be determined by wind tunnel tests. 

NOTE: In wind tunnel tests, allowance must be made for the occurrence in practice of a 
value of the frequency ratio fn I f j which is less favourable than that predicted from the 
nominal mass and stiffness parameters of the structure. In general an increase of at least 
0.05 to the nominal value o f / g / f j should be allowed for, subject to a maximum value of 

0.5 
0 .95 - 3 

mr/ph 
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2.1.3.4 Limiting criteria 

Values of Vg and V/ derived in accordance with 2.1.3.2 and 2.1.3.3 respectively shall 
satisfy the fol lowing: 

Vg > 1.3 Vr 
Vf > 1.3 Vr 

where Vr is the reference wind speed defined in 2.1.1.3(b). Where these criteria are not 
satisfied, the additional requirements outlined in 3.2 shall be followed. 

2.1.4 Non-oscillatory divergence 

A structure may be considered stable for this motion i f the criteria in 2.1.3 above are 
satisfied. 

2.2 Bridges of span greater than 200m 

The stability of all bridges having any span greater than 200 m shall be verified by means 
of wind tunnel tests on scale models in accordance with 6. 

3. Additional requirements 

I f the bridge is found to be susceptible to aerodynamic excitation, then the fol lowing 
additional requirements shall be ful f i l led . 

3.1 Vortex excitation effects 

3.1.1 General 

Where the bridge cannot be assumed to be aerodynamically stable against vortex 
excitation in accordance with 2.1.1 above, consideration shall be given to: 

(i) The effects of maximum oscillations of any one of the motions considered singly, 
calculated in accordance with 3.1.2 together with the effects of other coincident 
loading (see 4), 

(i i) Fatigue damage, assessed in accordance with 5 summated with damage 
f rom other loading. 

3.1.2 Amplitudes 

The maximum amplitudes of flexural and torsional vibrations, ymax, shall be obtained for 
each mode of vibration for each corresponding critical wind speed less than Vr as defined 
in 2.1.1.3(b). 

For bridges having no span greater than 200 m, the amplitudes of vibration, ymax, in metres 
f rom mean to peak, for flexural and torsional modes of vibration of box and plate girders 
and for flexural modes of vibration of trusses may be obtained f rom the formulae below 
provided that the fol lowing conditions are satisfied: 
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(a) Edge and centre details conform with the constraints given in 2.1.3.2(a) 

(b) The site, topography and alignment of the bridge shall be such that the consistent 
vertical inclination of the wind to the deck of the bridge, due to ground slope, 
shall not exceed ± 3°. 

For vertical flexural vibrations, 

y max A 

4m O ̂  

For torsional vibrations, 

L I - 5 J 3 . 5 ^ 

_ h d p 
y max o 2 o 

8m r 

This latter equation should be used with care for plate girder bridges until further wind 
tunnel results are available to verify the rule. Torsional vibrations of truss bridges should 
be the subject of special investigation, eg, appropriate wind tunnel tests. 

For bridge types 1 A, 3A, 4A, 5 and 6, and for bridge types 1, 3 and 4 during erection, 
(Figure 1) with no continuous solid overhang over more than 2/3 of the span, the 
amplitudes obtained from the above formulae shall be multiplied by a factor of 3. 

In these equations, 

b, m and p are as defined in 2.1.3.2, 
r is as defined in 2.1.3.3, 
5s is the logarithmic decrement due to structural damping. 

The fol lowing values of 8s shall be adopted unless appropriate values have been obtained 
by measurements on bridges similar in construction to that under consideration and 
supported on bearings of the same type: 

Material of construction 6ŝ  
Steel 0"03 
Steel and Concrete Composite 0.04 
Concrete 0.05 
Timber 0.15 
Aluminium Alloy 0.02 

Alternatively, maximum amplitudes of all bridges may be determined by appropriate wind 
tunnel tests on suitable scale models. 

The amplitudes so derived should be considered as maxima and be taken for all relevant 
modes of vibration. To assess the adequacy of the structure to withstand the effects o f 
these predicted amplitudes, the procedure set out in 3.1.3 shall be followed. 

10 
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3.1.3 Assessment of vortex excitation effects 

A dynamic sensitivity parameter, Ko, shall be derived, as given by: 

f^D = ymaxfa^ for bcuding effects 
K.D = ymaxf-T for torsioual effects 

where 
ymax is the predicted bending or torsional amplitude (in mm) obtained from 3.1.2, 
fB, fy are the predicted frequencies (in Hz) in bending and torsion respectively. 

Table I then gives the equivalent static loading that shall be used, i f required, dependent 
on the value of KD , to produce the load effects to be considered in accordance with 4 
and 5. 

In addition Table 1 gives an indication of the relative order of discomfort levels for 
pedestrians according to the derived value of KD and indicates where a fu l l discomfort 
check may be required. 

11 
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T A B L E 1 ASSESSMENT OF VORTEX EXCITATION EFFECTS 
Ki) mm/s^ Vertical load due to vortex excitation Motion discomfort 

expressed as a percentage (a) of the total 
unfactored design dead plus live load on the 

Only for V,r < 20 
m/s 

bridge. 
A B 

(See 
note 1) All bridges 

except those in B 

Simply supported 
highway bridges 
and all concrete 

footbridges 

All Bridges 

100 
a may be greater than 
20%: Assess by analysis 
using derived >̂ ;„«̂  

cc may be greater 
than 25 %. Assess 

Pedestrian 
discomfort possible 
(See Note 2) 

50 by analysis using 
derived > ' ;„ar 

30 Assess by analysis using 
derived ^-^or or for 

20 simplicity use upper 
bound load, a = 0.4Å /̂) 

Unpleasant 

10 
5 

Assess by analysis 
using derived > ^ „ a , 
or for simplicity 

Tolerable 

3 
a is less than 4 % and 

use upper bound 
load, a = 2.5Å:/) 

2 may be neglected 
Acceptable 

1 a is less than 5 % 
and may be 
neglected 

Only just 
perceptible 

Note 1: 

Note 2: 

Ko =f^ymax where / is the natural frequency in Hz,ymax is the maximum 
predicted amplitude in mm, a is the percentage of the total unfactored design 
dead plus live load to be applied as the loading due to vortex excitation 

I f Ko is greater than 30 mm/s*^ and the critical wind speed for excitation of 
the relevant mode is less than 20 m/s, detailed analysis should be carried out 
to evaluate Ko- IfKo is still found to be greater than 20 mm/s^, pedestrian 
discomfort may be experienced and the design should be modified. 

3.2 Divergent amplitude effects 

3.2.1 Galloping and stall flutter 

I f the bridge cannot be assumed to be stable against galloping and stall flutter in 
accordance with 2.1.3.2 it shall be demonstrated by means of a special investigation that 
the wind speed required to induce the onset of these instabilities is in excess of 1.3 Vr{sQQ 
2.1.1.3). It should be assumed that the structural damping available corresponds to the 
values of 4 given in 3.1.2. 

12 
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3.2.2 Classical flutter 

I f the bridge cannot be assumed to be stable against classical flutter in accordance with 
2.1.3.3 it should be demonstrated by appropriate wind tunnel tests on suitable scaled 
models (see 6) that the critical wind speed, V/, for classical flutter is greater that \ .3Vr 
(see 2.1.1.3). 

3.3 Turbulence response 

I f the dynamic response to gusts cannot be ignored (see 2.1.2) a dynamic analysis shall be 
carried out to calculate the peak amplitudes and modes of vibration under a mean hourly 
wind speed of F(see clause 5.3.2 of BS 5400: Part 2). These shall be used to assess the 
adequacy of the structure in accordance with 4. 

4. Design values of aerodynamic effects 

When vibrations are predicted to occur due to vortex excitation (see 3.1) and turbulence 
response (see 3.3), the global aerodynamic load effects to be applied to the bridge 
structure shall be derived in accordance with 3.1.3. for the mode of vibration under 
consideration, using the maximum amplitude as obtained from 3.1.2 and 3.3 as 
appropriate. These load effects shall then be multiplied by the partial load factor, y f L given 
below: 

Load For ultimate For service-
combination limit state ability limit state 
(a) Erection 1.2 1.0 

(b) Dead load, 1.2 1.0 
superimposed dead 
load and wind load 

(c) Other 1.2 1.0 
appropriate 
combination 2 loads 

The effects due to each of these aerodynamic wind effects taken separately shall be 
combined with the static wind load effects, appropriate to Vcr, for the mode of vibration 
under consideration for vortex shedding. 

5. Fatigue damage 

A l l bridges which fai l to satisfy the requirements of 2.1.1 shall be assessed for fatigue 
damage due to vortex excited vibration in accordance with 5.1 in addition to fatigue 
damage due to other load effects. 

5.1 Vortex excitation causing fatigue 

An estimate of the cumulative fatigue damage shall be made in accordance with BS 5400: 
Part 10 by considering the stress range and number of cycles specified below, for each 
mode in which Vcr is less than Vr 
where Vcr is defined in 2.1.1.2 

Vr is defined in 2.1.1.3. 

13 
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The stress range Gr shall be taken as 1.2 times the unfactored stress determined f rom the 
load effects derived in 3.1.3. The effective number of cycles per annum, «, shall be 
calculated f rom 
n = 2500fp CeCs 

where 
/ is the natural frequency of the given mode and p, Ce and Cs are given in Figures 3, 

4 and 5 respectively, 

p is the frequency of occurrence of wind speeds within ±2.5 % of the critical wind 
speed, V'cr, defined below irrespective of direction, 

Ce is the relative frequency of occurrence of winds within ±10° of normal to the 
longitudinal centre line of the bridge in strong winds, 

Cs takes account of the extent of the range of wind speeds over which oscillation may 
occur. 

The critical wind speed for the estimation of fatigue damage, V'cr may be increased to 

V'cr = 6.5fd4 for b */d4 < 1. 25 
V'cr = (0.8b*/d4 + 5.5) fd4 for 1.25 <b*/d4 < 10 

V'cr=13.5fd4 for bVd4>lO 

where b*,f and d4are defined in 2.1.1.2. 

Alternatively V'cr shall be assessed from appropriate wind tunnel tests. 

6. Wind tunnel testing 

Where a design is subject to wind tunnel testing, the models shall accurately simulate the 
external cross sectional details including non-structural fittings, eg parapets, and shall be 
provided with a representative range of natural frequencies and damping appropriate to the 
various predicted modes of vibration of the bridge. 

Due consideration shall be given to the influence of turbulence and to the effect of wind 
inclined to the horizontal, both appropriate to the site of the bridge. Tests in laminar f low 
may, however, be taken as providing conservative estimates of critical wind speeds and 
amplitudes. Further specific requirements for wind tunnel testing are given in Annex C 
(not included in this report). 

14 
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Fig. 3 Expected frequency of occurrence of critical wind speed (Hours per annum of 
occurrence of speed within±2.5% of critical value 

0.14 h 

0.12 h 

0.10 h 

0.08 h 

0.06 h 

0 
N-S 

90 
EW 

Bearing of bridge axis 

180 
N-S 

Fig. 4 Factor for orientation of bridge 
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5.0 

' s 4 .0 

3.Ö -

Maximum predicted 
amplitude y m a x ' d 

v 0 . 4 

Fig. 5 Speed range factor 

J 1 I L 
0.6 0.8 

Vcr / K , K 2 V 
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Annex B Formulae for the prediction of the fundamental bending and 
torsional frequencies of bridges 

1. General 

To obtain accurate values of bending and torsional frequency it is recommended that 
dynamic analyses are undertaken to determine both fundamental and higher modes. Finite 
element methods or other recognised analytical procedures may be used. 

For composite bridges, concrete shall be assumed uncracked for simply-supported spans 
and cracked for continuous spans adjacent to internal supports. 

Approximate formulae to obtain the fundamental bending and torsional frequencies for 
bridges within defined constraints are given below. 

2. Bending frequency 

The fundamental bending frequency of a plate or box girder bridge may be approximately 
derived frorn^ 

27lL I w 
where 
L = length of the main span, 
E = Young's Modulus, 
g = gravitational acceleration, 

lb = second moment of area of the cross-section for vertical bending at mid-span, 
w = weight per unit length of the fu l l cross-section at mid-span (for dead and super load 
only). 

Note: I f the value of / w at the support exceeds twice the value at mid-span, or is 

less than 80% of the mid-span value, then the formula should not be used except for 
obtaining very approximate values. 

is a factor depending span on arrangement defined below. 
a) For single span bridges: 

K =n, i f simply supported 
or K = 3.9, i f propped cantilever 
or K = 4.7, i f encastre 

b) For two-span continuous bridges: 
K is obtained f rom Figure A. 1, using the curve for two-span bridges, where 
Li =length of the side span and L> L/. 

c) For three-span continuous bridges: 
K is obtained from Figure A. 1 using the appropriate curve for three-span bridges, 
where 
Li = length of the longest side span 
L2 = length of the other side span and L> Lj > L2. 

17 
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This also applies to three-span bridges with a cantilevered/suspended main span. 

If L/ > L then K may be obtained from the curve for two-span bridges neglecting the 
shortest side span and treating the largest side span as the main span of an equivalent 
two-span bridge. 

d) For symmetrical four-span continuous bridges (i.e. bridges symmetrical about the 
central support): 
K may be obtained from the curve for two-span bridges in Figure A. 1 treating each 
half of the bridge as an equivalent two-span bridge. 

e) For unsymmetrical four-span continuous bridges and bridges with greater than four 
continuos spans: 
K may be obtained from Figure A. 1 using the appropriate curve for three-span 
bridges, choosing the main span as the greatest internal span. 

Note on units: 

Care should be taken when choosing the units for the parameters in the formula f o r / B . 
Any consistent set may be used to give f s in cycles per second (units: seconds'') but the 
following are recommended examples: 

L h E w g 
ni N/m^ N/m m/ŝ  
mm mm"* kN/mm^ kN/mm mm/ŝ  
ft Ibf/ft^ Ibf/ft 

18 
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3. Torsional frequency 

3.1 Plate girder bridges 

It may be assumed that the fundamental torsional frequency of plate girder bridges is equal 
to the fundamental bending frequency calculated from 2. above, provided the average 
longitudinal bending inertia per unit width is not greater than 100 times the average 
transverse bending inertia per unit length. 

3.2 Box girder bridges 

The fundamental torsional frequency of a box girder bridge, may be approximately 
derived f rom: 

/ r = / W i ( ^ 2 + / ' , ) Hz 

where 

P = P — - p -
' I _F '^2 , . 2 , ^̂ 3 - ^ „ 2 , 2 

/B , yv, lb, L, g and K are as defined in 2. above, 
b = total bridge width, 
Ip = polar moment of inertia of cross-section at mid-span (see note 1), 
V = Poisson's ratio of girder material, 
/) = distance of individual box centre-line from centre-line of bridge, 
Ij = second moment of area of individual box for vertical bending at mid-span, including 

an associated effective width of deck, 
Jj = torsion constant of individual box at mid-span (see note 2), 
Z represents summation over all the box girders in the cross-section. 

Notes: 

2 f ... . 2 ^ 

where 
WD = weight per unit length of the deck only, at mid-span, 
Ipj = polar moment of inertia of individual box at mid-span, 
Wj = weight per unit length of individual box only, at mid-span, without associated portion 
of deck. 

2) J J = — for a single closed cell 
i ds/1 

where 

Aj = enclosed cell area at mid-span, 

^dsl t = integral around box perimeter of the ratio length/thickness for each portion 

of box wall at mid-span 

19 



Annex 1 

3) Slight loss of accuracy may occur i f the proposed formula is applied to multi-box 
bridges whose plan aspect ratio (= span/width) exceeds 6. 

5.0 

4.0 

3.0 

2.0 

Ä s 
Three-span bridges 

Ä a. 
L i L 1-2 

Two-span bridges 

s 
L l 

L>L, > L 2 

0.25 0.50 0.75 

L 

1.00 

Fig. A. 1. Factor K used for the derivation offundamental bending frequency. 
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