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Introduction
The penultimate article in our series examines the special types of 
concrete bridge — previous articles described all the in situ, precast, 
arch and frame options1–3. Concrete cable-stayed, extradosed and 
stressed ribbon bridges are all described here, together with the special 
features of concrete footbridges and railway bridges.

Cable-stayed bridges
These bridges are used for the longest spans, where they need to 
cross deep valleys or wide stretches of water with signifi cant navigation 
channels. They are ideal for spans from about 100m up to 1100m, 
although the maximum span using a concrete deck is just over 600m. 
In the range 100–500m, concrete spans are competitive, but beyond 
about 500m, the weight penalty forces most schemes to use steel-
composite or steel decks. The actual main span is often determined 
by the best position to locate the towers, which can be aff ected by the 
navigation channel, depth of water, geology, degree of any ship impact 
and intensity of any seismicity or high winds. Cable-stayed bridges 
have a very dramatic aesthetic, with relatively thin decks supported by 
almost invisible cables and discreet towers. By their nature, they are 
nearly always built in balanced cantilever, where each new extension 
of the deck is supported by a further set of inclined cable-stays, until 
the deck tips meet at midspan. The tower height is typically around 1/5 
of the main span, compared to about 1/10 for a suspension bridge, i.e. 
cable-stayed towers are quite tall, but slender. The decks are also quite 
slender, with typical section depths of 1.5–4.0m, which is 1/100–1/150 of 
the main span.

There are three basic types of tower and cable plane confi guration 
that are widely used. H-frame towers with twin planes of cable-stays 
provide support to the very edge of the deck, which is good for torsional 
stability, although not as elegant as some other tower options. This 

confi guration also provides the simplest solution for the deck, with edge 
beams supported directly by the cable-stays. Concrete cross-girders 
(usually prestressed) then support the deck slab, which can be made as 
thin as 200–250mm to reduce the overall weight. A second and more 
elegant confi guration uses a single tower, with an A-frame or inverted 
Y-frame, but still with twin planes of cable-stays to keep the same 
simple deck solution (Figure 1). The third confi guration uses a single 
tower (which penetrates the centre of the deck) and a single plane of 
cable-stays. This solution requires a central box girder to provide the 
torsional stability to the deck (Figure 2). All options have towers that 
are primarily in compression, which makes them ideally suited to being 
made with concrete. Towers, which can be 30–160m tall, are generally 
formed from a single box section that can be slip-formed or cast in 
discrete lifts of 4–6m. Due to the balanced cantilevering eff ects, the 
towers have little moment under permanent loads. Traffi  c loads in the 
main span are mainly carried by the front stays, over the tower and into 
the back stays, where they react against the piers or the deck weight, 
which generally produces quite small moments in the towers. The 

E      Figure 1
Taney Road Bridge, Ireland 

with inverted Y-frame tower

TSE35_34-39 CBDG-11 v4.indd   34TSE35_34-39 CBDG-11 v4.indd   34 23/10/2014   11:1423/10/2014   11:14



www.thestructuralengineer.org

35

towers can therefore be made quite slender 
— the more slender they are, the less moment 
they attract, of course.

The cable-stays carry the vast majority of 
all loads and form the tension component 
of the overall strut-and-tie system. There 
are three types of cable-stay confi guration, 
although only the third system is used widely, 
as it is considerably more effi  cient. The harp 
confi guration has all the cable-stays placed 
at the same angle θ to the deck, which does 
have an interesting aesthetic. However, even 
though the longest cable-stay is as effi  cient as 
it can be, the shortest stay, which is closest to 
the tower, is ineffi  cient as it has too small an 
angle. There can also be signifi cant moments 
in the tower. These issues are resolved in the 
fan confi guration, which has all the cable-
stay anchorages at the top of the tower, thus 
maximising θ for every cable-stay. Under self-
weight loads, the tension force in each stay 
is simply the vertical weight of the associated 
length of deck/sin θ. Maximising θ enables 
the lowest cable-stay force (Figure 3). This 
determinate situation also ensures that the 
moments in the deck are close to zero under 
these loads. In practical terms, it is not possible 
to anchor all the cable-stays at the top of 
the tower. A hybrid system is thus produced 
that has the cable-stays as high up the tower 
as possible within the constraints of the 
anchorages — the vast majority of all cable-
stayed bridges have this hybrid format 
(Figure 4).

As each new deck segment is added in 
balanced cantilever, the cable-stay size is 
increased to match the decreasing θ. Cable-

E      Figure 2
Mersey Gateway 

Crossing, UK with central 
towers

stays are typically spaced at 6–10m centres 
to fi t a sensible layout of deck segment 
lengths during construction. Each cable-stay is 
generally made from a group of high-strength 
steel strands, which are eff ectively the same 
as prestressing cables. So, a typical cable-
stay might be referred to as 37/15mm, which 
is a group of 37 low-relaxation superstrands, 
each having a 15.7mm diameter, an area 
of 150mm2 and an ultimate strength fpk of 
1860MN/m2. Cable-stays can vary from 
12/15mm up to 127/15mm. In most codes, the 
maximum serviceability limit state (SLS) cable 
stress under permanent and normal traffi  c 
loads is 0.45 fpk, which is 840MN/m2. The 
maximum stress range (due to traffi  c load and 
wind variations) in order to control fatigue is 
generally 150–200MN/m2. Even though these 
cable-stays are very similar to post-tensioning 
cables, they have additional features to control 
fatigue, especially around the anchorages. 
They also have additional features to ensure 
their durability over the life of the bridge, with 
each strand being galvanised and individually 
sheathed and greased, before being placed 
within an outer high-density polyethylene 
(HDPE) sheath, which is also then packed 
with high-performance grease or grout. These 
additional features, along with the costs 
of erecting the cable-stays, typically make 
cable-stays about twice as expensive as post-
tensioning cables.

Cable-stays also exhibit non-linear eff ects 
(in that long cables will sag under their own 
weight), meaning that their eff ective stiff ness 
is dependent on the load within the cable. 
Such eff ects need to be included in the overall 

analysis of the system. As noted previously, the 
cable-stays are generally sized such that the 
deck has no moments under self-weight, i.e. 
the deck is evenly supported at every cable-
stay location; while under traffi  c loads, the 
deck acts as a beam on an elastic foundation. 
Infl uence lines for cable-stay forces and 
deck moments are the only way to analyse 
the required loading patterns that generate 
the peak eff ects. As the balanced cantilever 
construction extends towards midspan, the 
deck builds up a signifi cant compression from 
the horizontal component of the cable-stay 
forces. This force is zero at midspan, rising to 
a peak at the towers. This axial compression 
is conveniently carried by the concrete deck 
and is of such a scale that no additional 
prestressing in the deck is needed close to the 
towers, as the compression is usually suffi  cient 
to overcome any bending moments. Closer 
to midspan, additional deck post-tensioning 
is used to keep the deck compressed under 
all normal loads (Figure 5). Overall, the 
detailed design is rather complex as it is highly 
dependent on strains in the non-linear system 
over many years, due to creep and shrinkage 
of the concrete, relaxation of the steel, and 
temperature eff ects, as well as the applied 
loads and the stage-by-stage construction 
process.

At the locations of the cable-stay 
anchorages, both in the tower and deck, 
there are signifi cant forces distributed into 
the section, and the same types of bursting, 
spalling, equilibrium and following steel 
should be provided as were shown for post-
tensioning anchorages4. The construction 
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of the deck segments can use either in situ 
or precast units, but the basic principles are 
exactly the same as those already described 
for in situ and precast segmental balanced 
cantilevering1,2. The dynamic behaviour of 
these relatively fl exible structures always 
needs to be carefully assessed for both 
traffi  c and wind, as well as seismic eff ects 
where necessary. However, concrete cable-
stayed bridges are quite stiff  in both planes 
and relatively heavy; therefore, even though 
the dynamic eff ects will be signifi cant for 
larger spans, they are unlikely to be dominant 
for smaller spans. Dynamic eff ects on the 
cable-stay sheaths also need to be carefully 
considered to avoid vibrations of the cable, 
often caused by rain-wind interaction. 
Recommended guidance on cable-stayed 
bridges can be found in a book by Walther 
et al. of the Swiss Federal Institute of 
Technology5.

Extradosed bridges
These bridges are hybrid solutions that sit 
between externally post-tensioned balanced 

single tower and single plane of extradosed 
cables arising out of a central torsion 
box (Figure 7). The main incentive to use 
extradosed bridges is to incorporate external 
prestressing technology as opposed to the 
more expensive cable-stay technology. So, 
whereas cable-stays have their maximum 
SLS stress limited to about 0.45 fpk and their 
range (due to fatigue) limited to 150–200MN/
m2, prestressing cables have a much lower 
stress range (of less than about 50MN/
m2) and a correspondingly higher maximum 
SLS stress of 0.60 fpk. Therefore, if an 
extradosed bridge behaves in a similar way 
to a prestressed beam (with a low stress 
range in the cables), then it can use external 
prestressing technology. However, as soon 
as it behaves more like a cable-stayed bridge 
(with a higher stress range in the cables), 
then it must use cable-stay technology. There 
is a transition between these two forms of 
behaviour, which is not yet covered by codes, 
but is described in some guides6 (Figure 8). In 
all cases, the durability of any cables that are 
outside the section must be suitable for the 
lifespan of the bridge. Typically, each strand 
is individually sheathed and greased, before 
being placed within an HDPE sheath, which 
is also fi lled with high-performance grease or 
grout — it may also be necessary to galvanise 
the strands. The construction of the deck 
segments can use either in situ or precast 
units. As the deck is often haunched, the 
fi rst sections of the span are generally built 
without any cables coming from the section. 
Similarly, at midspan, the extradosed cables 
stop, as the shorter tower height makes 
any cables that come from the section too 
shallow, attracting too much load variation. 
Much of the work on extradosed bridges 
comes from Japan, where many studies have 
been undertaken7.

cantilever beams and concrete cable-stayed 
bridges. They are ideal for spans from about 
100–300m. Extradosed bridges can have a 
striking aesthetic, but great care needs to 
be taken when choosing the depth of the 
bridge deck and the tower height, in order 
to create a good sense of proportion (Figure 
6). As a hybrid between beam and cable-
stayed schemes, they generally have a stiff er 
deck than a cable-stayed solution and a 
correspondingly shorter tower. The external 
prestressing cables from within the deck are 
eff ectively taken outside the section at the 
piers (i.e. the extrados) in order to maximise 
their eccentricity. However, the cables can 
also directly support the deck in the same way 
as a cable-stay. By their nature, extradosed 
bridges are nearly always built in balanced 
cantilever. The tower height is typically around 
1/10 of the main span, and the decks can be 
either haunched or of a constant depth, with 
typical section depths of 1/15–1/50 of the span 
at the piers, and 1/30–1/60 at midspan.

Typical confi gurations have twin towers, 
twin cable planes and edge beams, or a 

�      Figure 3
Cable-stay loads

�      Figure 4
Cable-stay 

confi gurations

W      Figure 5
Cable-stay bridge 

prestressing
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Stressed ribbon bridges
Concrete stressed ribbon bridges are a 
particular type of pedestrian suspension 
bridge with a very fl at profi le. Typical spans 
range from 20–120m, but can reach 200m 
with prestressed steel structures. As they 
are no more than a fl at catenary, they have 
a beautifully simple aesthetic, ideally suited 
to both areas of outstanding natural beauty 
and the urban landscape (Figure 9). Some 
solutions are just concrete planks sat on steel 
suspension cables, but the true stressed 
ribbon has the whole section of concrete 
walkway fully prestressed by the suspension 
cables. This makes the ribbon much stiff er, as 
it is the prestressed concrete that carries the 
tension in the system, while the prestressing/
suspension cables maintain an almost 
constant force. The typical sag of the catenary 
is 1/40–1/60 of the span, compared to 1/10 for 
a normal suspension bridge. Stressed ribbons 
are only suitable for footbridges where the 
loads are light enough to be accommodated 
by the shallow profi le of the catenary. As the 
end gradient is about four times the sag-to-
span ratio r, the common pedestrian gradient 
of 1/12 requires r to be 1/48, which is quite 
typical. However, where a shallow pedestrian 
gradient of 1/20 is required for disabled 
users, r should drop to 1/80. However, this 
is too shallow for the catenary, as creep, 
shrinkage and temperature contraction 
would almost eliminate the sag, rendering 
the ribbon incapable of carrying the load 
without enormous axial forces. Therefore, 1/20 
gradients have to be made by using a raised 
fl oor that is supported off  the ribbon, which 
can detract from the overall simplicity.

In most cases, a fi rst set of cables is placed 
across the span, from which thin, precast 
concrete slab units are suspended. The units 
are then monolithically stitched together with in 

situ concrete, before the whole concrete ribbon 
is prestressed further. The ribbon is generally 
200–400mm thick. Even though the overall 
forces in the ribbon are primarily calculated 
from the free moments divided by the sag, the 
system is hugely non-linear and very sensitive 
to the imposed deformations, i.e. the elastic, 
creep, shrinkage and temperature strains, all 
of which act upon each other. The design is 
therefore extremely complex, as the sag is 
constantly changing under all load cases. At 
the ends of the span, the very large horizontal 
forces in the system need to be carried to 
fi rm foundations, and even the slightest 
fl exibility in these foundations will also aff ect 
the sag of the ribbon. Besides making the 
ribbon stiff er, the concrete also acts to spread 
any concentrated applied loads, with local 
moments in the ribbon. At the ends of the span, 
where the ribbon is built into the abutment 
or pier, there can be much more signifi cant 
local moments. The ribbon must not be 

thickened too quickly though, as the increase in 
stiff ness simply attracts yet more moment. It is 
common, therefore, to see very small increases 
in thickness in these locations, applied very 
gradually. It is recommended that one consult 
Strasky’s book for further guidance8.

Footbridges
Most of the issues that have been covered 
in this series can also be applied to concrete 
footbridges, although pedestrian loadings 
(5kN/m2) are less than half those from 
typical highway traffi  c (at least 10kN/m2). 
Consideration must also be given to the safe 
use of the bridge by disabled users, pushchairs 
or cyclists, which has an impact upon the 
required gradients (no greater than 1/20 is 
preferred) and parapet confi gurations, while the 
use of stairs and lifts can play a signifi cant role 
in the scheme too. Aesthetics often play a more 
major role with footbridges and the fl exibility of 
concrete to be formed into almost any shape 
can be a real benefi t in this regard (Figure 
10). In situ solutions can therefore be used 
for many of the more expressive footbridges, 

as the amount of formwork 
and associated falsework 
is relatively small, having 
less impact on the overall 
economics. Precast solutions 
are also very eff ective where 
the speed and ease of 

construction are more important, with both 
standard and bespoke precast elements being 
appropriate. Such precast elements can be 
cast either on-site or in precast factories, 
and be made from reinforced, pre-tensioned 
or post-tensioned concrete. As the bridge 
is always viewed at close quarters by the 
pedestrian users, the quality of detail and 
surface texture is very important. Many of 
the high-performance concretes described 
earlier in the series9 are also commonly used 
in footbridges, especially high-strength and 
lightweight concretes. Many footbridges 
have already been built with fi bre-reinforced 
polymer (FRP) prestressing cables or cable-
stays, typically using either carbon or aramid 
fi bres. Many of these bridges have been 
monitored and will form the basis of further 
FRP use in larger bridges over the coming 
years. The eff ects of wind or pedestrian loads 
on the dynamics of footbridges will need to 
be assessed, but as concrete solutions are 
relatively heavy and stiff  compared to steel 
footbridges, the dynamic design tends not 
to be critical, except for the most slender 

�      Figure 6
Sunniberg Bridge, 

Switzerland — a beautiful 
extradosed bridge by 
Christian Menn

�      Figure 7
3rd Karnaphuli Bridge, Bangladesh with central extradosed towers
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factors that can range from 1.0 for long spans (over about 70m) to 
2.0 for very short spans (less than 3–4m). Special consideration will 
need to be given to high-speed railways, where the dynamics of both 
the train and the bridge structure should be assessed. Fatigue should 
also be considered for all railway bridges, although with the use of 
well-detailed, unwelded reinforcing bars in reinforced concrete, or fully 
prestressed concrete (where the concrete is always in compression and 
the prestressing steel has a very low stress range), fatigue is rarely a 
dominant issue.

As noted in Concrete bridge layouts12, it is generally preferable with 
most bridges to maximise the distance between structural expansion 
joints. However, the railway environment can be diff erent, as more 
frequent joints in the structure are sometimes preferred so as to 
eliminate any rail joints, which can be expensive and need regular 
maintenance. In this case, the interaction between the continuous 
track and the jointed structure will need to be assessed, as this can 
signifi cantly aff ect the longitudinal loads in the system, especially 
with track slab (as opposed to ballasted) solutions. All the steel in 
a railway bridge must also be adequately earthed from the traction 
power supplies. With new construction, the same rules outlined in the 

structures. More details of the particular aspects of concrete footbridge 
design can be found in the CBDG Concrete Footbridges booklet10 and 
Current Practice Sheet 111.

Railway bridges
All the concrete bridge types that have been described can be applied 
to both highway and railway bridges, although railways have some 
additional features, the most obvious being the increase in loading. Light 
rail or metro systems (Figure 11) actually have loads that are similar 
to those of highways, but heavier metros and normal rail systems can 
have loads that are two to three times greater than that of normal 
highway traffi  c. However, the exceptional vehicles for which many 
major highway bridges are designed (typically weighing 100–200t) are 
similar to the heaviest railway locomotives (100–150t). Railway bridges 
also tend to be designed for higher lateral and longitudinal loads, due 
to a range of braking, traction, centrifugal and nosing forces, which 
will signifi cantly aff ect the substructure design, although the design of 
the superstructure is usually dominated by the vertical loads. Dynamic 
eff ects from railways are also much more dominant than with highways, 
especially for shorter spans. Loads are typically increased by dynamic 

�      Figure 8
Extradosed 

bridge transitions for 
200m span

�      Figure 9
Kent Messenger 

Footbridge, UK — a 
stressed ribbon bridge

�      Figure 10
Garret Hostel Lane 

Footbridge, UK — formed 
with in situ concrete

�      Figure 11
STAR light 

rail viaducts, 
Malaysia
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Erratum
In Part 9 of the series — ‘High performance concretes and new 

materials’ — published in the September 2014 issue of The Structural 

Engineer, the strengths of very high strength concretes (VHSCs) 

and ultra high strength concretes (UHSCs) were stated incorrectly. 

On page 35, the strength of VHSCs should have been given as 80–

150MN/m2, while the strength of UHSCs should have been given as 

150–225MN/m2. A corrected version of Table 1 is presented below.

A corrected version of the full article is now available online at: 

www.thestructuralengineer.org
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earlier articles regarding the speed and programme of the works still 
apply. However, any works around the existing railway will need to be 
assessed in a completely diff erent manner, as the speed of construction 
will become paramount in order to reduce possession times and 
costs. Many of the launching, sliding and jacking techniques used with 
these types of activity were discussed in Concrete bridge construction 

methods — arches and frames3.

Conclusions
The specialist nature of concrete cable-stayed, extradosed and 
stressed ribbon bridges has been described, together with the special 
features of concrete footbridges and railway bridges. This series 
concludes in the December issue with a fi nal article on the long-term 
management of all concrete bridges.
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